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12 %:-type Doubling in Gyhy and HON ¥

™

grins, Jo N, Shearer, E., H, Shull'and D. H. Rank
¢3 Department, 4‘he Permnsylvania State College
,_:3: State College, Pennsylvania

-

- 5 /] N o »
insestigote fL-type doubling cof esergy lovels of thse linsar moleculss

Gyt and HCN,  Hesoleing powar of 145,000 was cbtained at 1100 c_!nfl
LS
whivh permitied the resolution of the Q branch of vy -+ vg’: (Z”-ﬂnu)of

) ., , s
02“2 to J¥ = & fhe Jifie

e rwean the BY' = B¥ value deteminzd from

the Q branch and ithe sane uan:ilty oLtained from the P and R branches

2 g . ; =3 =
wiothia band yuelds o velue of o = L.72 2 10 ° om ““o

1 1 .
Tae doublet structare in the ¢ifference bard 01 00172 ! tiew i)

o &Y LYY P
¢f HON has

3, cwi;

UG . e T N e WA TS F] 4
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. tie R branch aad $% 210 in the

by

P branch. This s-5% band is treabed as two hand= = th slightiy

. e uabion of rocational constants snowis

G

e 4
Q@ f
that different ¢ valuss wie cbtalier Jo- the + and - components of
these 1 states. Tre differssce in frequency between linee of equal J®
. £ 1 /\‘;tiv % "l"
in the 000~—¢0C2 anl (X G..0172 bande iu shown to be a quadratie
. 1l

*vastion of J™. ‘ne wvalue obtained for q' was 7.%8 x 1¢7° cm

=3
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introduction |

The change in the B walhies nuyused byfg-typu #euhling in inear
%
molacules has been chaerved and dascribad by Herzberg.

1o Go Hﬁ!‘!berg, RBVQ Modo I‘WS;; ;"‘53 219 (]94&:’::)9
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Making use of high rescintion ard preciss meiluo.

2, D. H, Rank, E. R. Shull, J. M. Bennett and T, A, Wiggins, (In Press).

.

%o investigate A-doubling in lineir molecules in more dedail, It wi il

14

shown that some of the assumptions usually made in the analysis of
5 bands are not juetified and that mors zcustenis sre required to
give an sdequate description of thsse bands.

The spectromater has been describsd complately elaewhareog It is
safficient to state that ar aight inch 15,000 linas/inch Bausch and L:a.
plane vranefer grating was used deuble~passed with ten meter optics. The
signal from the Eastman PbS detuctor was fed into a Baird phase-sensitive
amplifier. Uniform scanning of tihe spectrum was accomplished making use
of a sliding wedge prism arrangement. Ths precision of relative £

guency measurement of the linesin the P and R branches of the 4100 cm°1

band of C,H, and the “hot®™ band lines of HCN at 6500 ew™t is 20,005 ent,
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(3)

Resolution of 145,000 was obtaired ir ths case of the § branch of
the CoHp band. ‘heoretical resolutica with the slit widths used was
175,C00. “he absorption tube had a length of 320 «m. Tt was necessary
w reduce the pressure in tie rave of the acetylene band tc 1.3 mm of *ip

t~ achleve m. “avn rocolntion. The reswluniin obtained with tbe HCN

g cre a8 womeuhat lever since it was necessary to v a prissgs
.'f:?\..‘ T q;i}:?jl’"—; ..3,3 o (E,-;Vﬁlgb “,"325;‘ ..,”}_:,:g ‘}’ o "qlt}"s_ G‘\‘&‘:‘“fiﬁiﬁn
srharlis

Acalene
The

perperdicular tand v, + v:.%( Zg 57 ,) of acetylene at LO92 C;l
has been measured to show tne i fference bstwesrn tiie B® values obtained
€ om the Q branch compared to that olttained from the P and R branches,
~is effect of doubling has been obscrved amxd exrlained by Herzberg .

Yo has shown that due to tha selestion rules the a~ levels ef the
upper vibrational state are involwed .in the Q branch transitions while

the =* lsvels are inelved in the production of the P and R branches.

R S
LA N2 P F7 Y

16 résviuiica avallable it has been possibtle to resclve th

[+

4

branch =o that a value for B!-BY can ba fournd, whera B! denoc‘'es

(3

ne
anne rnt for the n~ levels of the upper state, The § branch of this
pscopendicular band is shown in Figure 1. JIntensity alternation is
shown with the anti-symmetric levels (odd values cf J") having the greauer
woight, Hesolution to J% = O is ghown. It would raguire theoresical
res. .ving power to. rasolve the J® = § line.
1f we neplect the effect of the D correcticn terms vie ¢an wriis
the expression represcnting the freguancies of the Q branch as follows:

ve v = BEe(d - BY)I(d41) %0 (1)



fl)
i plot of the measured frequencias in this branch veresus J(J+1) is whown
4n Figure 2, Since the plot of this experimental data shows no trace
of curvature it cz: be seen that tie assumption regarding D is am.ly
Justified. ha devlations from the lecast squares £it of tbhs dats zie
shown in the upper portien of Frure 2. The av rage deviation was
found to be 0.002 cm ™ A

If we make the as:umption thoi 5¥*D¥<D, the sxipression for the
';‘r';zu;.,:ez.m:h-:*" ol the Mnerof the P and il branches of' this band bocomes:

ve v o~ (B D)+ (B¢ + B? « 2Dl + (B
where m= J + 1 for iie R branch and -J for the P branch.

The frequencies of eight lines cut £ I¥ = 17 4in the Pand R ¥
of this band wers measwred making use of the sscond order 1.22js Fabuy-
Parot whiie line friiges as wave longih standards. The measured lines
ware fitted to Equation 2 by least scuares. The avirage Jdeviation #as
300003 cmgl,, Yo have obtained tne follewing mclescular ceonstants for

this band expressed in e

B* = 1.17658 Voe ™ LD2.3L
B! = 3,16952 v = LOP2BT
BY = 1.27h2L . g = L.72=x10

D »1,0x 10"

“rese constants can be corparsad with previwus work oa acetylens,

" L
Herzberg3 quotes a vaius of B¥ = 1.17592 ¢m 3, pelt s Nielssn

3. G. Hergberg, Infrzred and Ransn Spectra (D. Van Nostrand Co., 1945)p.398.

o E. k. Bell and H. H. Nielsen, J. Chem, Phys. 18, 1282 {1950

LRSSy S

obtained & vaiue of B} ~ 5" = -0,0078 compared with -0,00706 em t

cbisined in the prresent investigation,

Ay P CEU RN
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Hydrogan Cyanide
1
The differencs band 0170 2 0112 (n » n) associated with the GO0 » 002

band of HCN has been cbserved under sufficient resolution to resclve the
{-doublets in the R branch for J¥26 and in the ? branch for 2210, The
lines of the 000 < 002 band »f HCN have been measured resantly in this

laboratory by ‘Icsts with a precision comparable to that obtainable in the

€

S5¢ E. L. Yost, M. 3. Thesin, The Peunsylvania State Collegs, Juns, 1553

photographic infrared. 1he work of Yost showed that no rotational perturba-

tions appeared ia this band, B" has recently been invesiigated with high
8,7 |
precieion.

T s et

6. D. Ho Bank, R, P. Ruth and K. L. Vander Sluis, J. Opt. Soc. Am. 42,
693 (1952).

7. A. E. Douglas and D, Sharma, J. Chem. Pnys. 21, LhB (1953).

o
We hava measured 20 lines in the 002 band by the Metiiod of Exact Order =

These lines are listed in Table I and are rarked with an asterisk, There is
otiil probably a small systematic error in these measuremonis womewhat less
than 0,010 cm-l fcross the complete P branch. We shall assume the micrcw@ve
B to be 1.47823 en~L and B' to be 1.L45651 cm-l, which at the present tuirme
are the mosi probable values of these constants. The remaining lines of the
002 band listed in Table I have been sbiained by intervolation betweaen

msasured linss. The frequancies of the lines of the 002 band thus determined

4%
N

ware used as standards for measuremsnt of the & - n baid lines. The results

of these measurements are compiled in Tauie I.

it e 1505
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Determination of q

On the pasis ot tha theory presented by Douglas and Sh.n.rma7 the
frequency separation of the ﬂ-doublets in a n 3 n baid is given bys
Ay = q!(m24 R-1l) - qu(ma -m- 1) (3)

wiere m = ~J for the P branch amd J + 1 for the R branch, a' = B! « B}

2l Q¥ =~ BY < BY,  Moking use of thse direct measureme.; -0 g - T L7 x za“’ cm‘l
i o ! . .

" Shulman and Townas by microvave methods, the ~ o e g il W

Oe Rv Go e B ':36 He L A [ ] (i KT) ‘:‘t:?;.! ‘1’50:\:

—— LT L e

side of Equation 3 can be calculated for each doublei. In Figure 3 we have

2 2
plotted Av + V(M - m -1) v8, {m+ m = 1}, The least eguares treatwant of this

data yielded q' = ?.76110-3 cm.l. 1t was found nzcessary in making the plots
in Figure 3 to considar the doublet scparation o be negavive in the P branch
and positive in the R brauch so that both r ots would have the proﬁer inter-
cepts and squal slopss.

an alternate method of analysis of tha {-doublets is possible which
should yield much more reliabls values of q' - g® than the above Lreatment.
However, this second method does noi give® as precise an absoiute vsaiuve of
'8 g's as is obtainable from the microwave measurements. We can express tha
separation of the i-doublets to sufficient appraximation by

Av = (q - gyl + @' + q™)m (&)

A plot of the data using Equation 4 is given in Figure L. The abzcluts
valus c.f q is determined by the absolute valuve of the doublet separations
which can be subject to sysismatic syror when close line pairs are involved.

wWe have put the data to least squares using only the conpletely rescivec



v

{7)

doublets, i.,e. Av2.1l7 cm“lo From this analysis we obtain q% = 7."9:(10.3

and q! = 7.80x1073 o Even though the absolute value of q" does not agree
exactly with the microvwave g% we belisve i - q" is much more accurate than
the value cbtained from the use of Egquation 3. From ¢° - g* determined
from Equation L the most probable valus of q' is 7.68 x 10™3 cm°l=

*uc abzence »f irlensity «lberusation in the doublets such as would
occur in a sy.emetric molecule prevants a unicus assignment of the lines
of the doublets to L given caergy level, However, on the basis of the
required signs for the doublet sepérations nowed abvve, 1t 18 concluded
that the highsr frsguency componsnt of the R branch is asscciated with
the same energy levei as the lower Irequency component of tha P branch
and vice versa. To shovw this, an energy level diagram was constructed

similar to ths one shown by Hsrzbsrg9 for a m -« n band. The result is the

9. See reference 3; p. 385,

came as shown by Bsrzberglo for “m a ln bands of diatomic molecules.

10. G, Hergberg, Spectra of Diatomic Molecules, 2nd Edition (D, Van
Nostrand Co., New York 1950) p. <67.

This result differs from the diagram tor linear mclecuies only in ths order
of the doublet components in tne P branch. It is cencludsd that the n”
(lower energy) levels are associatsd with the higher freguency doublet
componant in the P branch and the lower {isquency compenent in tha R
oranchy the s (higber ensrgy) levels with vhe lower frequeacy doublet

component in the P branch and the higher frequency component in ths R

branch.
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Since as was noted above the energy levels are double in m states,
we actually have two sets of rotational constanis and effectively a n & n
band is two bands which are almost identical. Wa shall call cne of these
bands n* and ths other n~, If we assume D' = D" for these hat band: fiw
frequencies of thé‘band 1lines can be exprascsed by thie following esuativag
¥p " Vo - (Bl = BE) + (B + BE « LD)m + (B} - Bu® - Loy’ (5)
A fit of the bend lines by means of least squares wuas performed. The fit
gave an average deviation of £ 0.007 cm .
Douglas and Shaﬁna7 have pointed out that it should be poussibls %o
determine ay from the differencs in frequancy cf Whot" and M"onld® hizqg
linss (average frequency of Y-doublets) of the same J. T™e attempi of
these authors to evaluwate G in tbis mannsr fyrom the 003 band and its
accompanying "hoi™ bvand was unsuccessful and perplexing. wWe have made
an attempt‘to perform the same type of analysis as Dousles and Sharra on
the (02 band and its accompanying het band with even more perplexing
rasults. Since our relsative frequency measursmentis were considerably more
accurate than those made In the photograpiiic infrared, our scatier of peinus
was much smallsr than that obtained by Douglas and Sharma. The plot of
‘the difference betwaen the frequencias of the “cold% lines and the average
frequency of the appropriate doubletngersus i yielded a smooth curve $r-taad
of the sutrdight line predicted by first order theory.
The difference tsiwsen ine irequsncies for the samnw vzlue of § in

the "hot" and "cold" bauda can be shown to bet

Ve T VR " Voo = VYon * B - B¢ (atea¥)a s (@t - aMn  (6)

The quantities v, - vy ara plotted versus m in Figure 5 for thea + and -

hot: ban3 and also for the average of the + and - bands.
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The molecular constants for ths n* and ® bands have beea determined
applying Jpast squares methods to the data using Equatio: 5 and TLoinile . A,
In addition, the ceonvantional A2F" method wag used for the n* and n” bauds
and a}so for the average of the twc bands. Tho resulis are summardized it
Table 2. The fifvh figure beyond the decimal point has little significance
and is carried as sn inferior aumber. The agrearsnt with the results
obtained by Dibuglas and Sharma7 for the 0'.‘.10 state average i excellent,
It should bs pointed out that cur analysis shows unequivocslly that the
r and n etates yield a, values of a eorplstely different order of
magnitude. It alsc appears thai the o, value for the 0112 state is
slightly larger than that for the Cllo state,

Wa are indebted (v Hr. A, K, Louglas of the Naticnal Research Counell
at Cttawa for poimting out 2 sysuvamasi: erroy in our firs-. neasurements
of this band and supplying us wituh his extens.va A F" val.es obtained
from numerows "hot® baads in the phovographic lafrared. wa ars also
srateful to Jean M. Benpeit for perf:ining a large part 31 the least

sijuares calculations,



Table 1.
m vc
{C00 » 002)
26 6L29.277+
24 37.2008%
23 L1.116%
21 45.807=
20 52,593
i 56,3360
18 60,046+
17 63.712
16 67.335%
15 70,918
i L ub9%
12 77.958
12 81.L15x
11 £i 832
10 38.207
8 94,832
7 98,082
é 6501..290
5 oL LST
4 07,582
1 25,700
Q 19,561
2 25.LL7
3 c8,277
h JLuOéh
7 35.170
8 11,787
g LL,.362
10 L6,803
11 49.382%
i2 81.528
i3 54,227%
y ¥} 56.586
15 £R.901x
i7 63,400
i8 65,885
ig 67.1726
20 69,82
22 73.891%
23 75,859+
25 79.66lu
27 83,305

masured frequancies,

Ccompar tag,

(10)

.

(1o - 0112)
- k4
" =
6L13,.691 641.3.510
17.42¢2 17.632
2. 791 2L.582
28.L0o 23_E9)
31.986 312,156
35,529 35.679
39,031 39.183
2.L89 2,615
u5.922 15,029
49,294 196399
éh55u9?2
55.22
6(s4¢b
65,586
68.716
80,771
86,640
89oh72
92.269
6500, 455 6500, 366
03,085 02.97hL
05.681 05.54L9
080263 08.107
13 251, 13,050
e 575 i5.456
18.066 17.81%
20.413 20,137
2L. 977 2L, 668
27,153 26.8L6
_,0559 28,997
350631 35.195

£ -

Frequenciss in vacuum wave numbers in two bands of HCN

Ay

'."Oo 087
Wkl
0132

acL
s o J\P

w200
.223

.251
- 276
« 309
347
L ] 362

Loy oW

The other frequencies in this band are

SEPUUP VP —

v A P 1 OO Mg
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; i
Table II. HRotational comstants of 010 « O1'2 bands in vacuuz wave numbers

determinad by differzi. methods,

1* Band
Conatant AF® Eqn. (5) Eqn, (5)
B® 1.47870 1.L7848 -
Bt - 1.45788 -
a® 1, 00057 =0, 00097 +0.00025
a’ -0.00045 -0.,00006
Yo - - 6L80. 807 €480, 809
n~ Band
B# 1.48519 oy, h850_3 =
B! - 1.L6LLY, -
a® -0.00696 =C. 00680 =0, 00691
ot - "’0000753 -0, 00?116
Vo - 480,810 6L80.806
Douwblet Average
B 1.4819L 1.L8185 =
Bu ) le L‘bu6 -
a¥ -8, 00372 =0,00363 ~0.00333
a* - & =0, 00L25 -0,00376
De 3. hoxd0 - -

(1) cale, 6480,767
Q(1) obs, 6480,771
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Figure Lo

Fi.ure 2,

Figure L.

Figure 5,

12)

Captiora for Figures

-

Ine § branch of Coil, 2t 4092 cm™l. e line J% = 6

is resolved showing resoclution of 1L5,000.

Pict of frequencies in the w branch of C,,Hz
-
The upver plot shows the deviations betxwesn the measurced

3

frequencies and a T.2usl squares fit,

Spliitti

o+

o]

EP - R
PALCIW S OO L:’h;' NN bdbd (924

2

=

=& in the 2 an< A branche

HCM at ©LS1 em ~.  ibe freguency dirrerence betwsen ihs

L5}
3 o » o £ - : 1,
dowlets is added o bt o quantity g%{m - m - 1) anc *hs
;;
sum plotted versus (i + n - 1), iae separation in the P

H

byancli i3 caken to be negative, a..i tihe P cranch tec .

EPLA

Plot of the Jourist ceparation Bv/m wersus m for the lines

5 "
of 1the 0170 « 0172 bard of HON, The pointe indicated ty

X werae rot used in thwe determinabtion of q.

The diiference hatreen frequencias ia the 000 & 002 Land

1 il .
and the Q1 0 % 01 ¢ eixdl of HC¥ are oviotted versus m.

versus J(J+1).
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Th) infrared apectrum of 0302 has deen stuiied in the vapor phase

from 2,2 to 20u with a Parkin-Fimer double~-pass spectrcmotar, and the

Ramon spectrum has besn photlographed im the liquid phase. A cospariscn

of the Raman with the infrersd spectrum shows dsfinitely that i moleovls

assumad, However, the infrared spectruxz can hot be explained on the

agmmption of & iinear modely the envalopes of Uis i

mle mmens bl men

U Py pay |
A IE & - BVOIVE I VIR i

'

bands as well as those of ths weaier ccmbination bands have the wrong
shape., It aprears rather that the oxygen atcms are bent ocut of line with
tha carbons in & plane zig-zag configuration. From the rotational structures
of cne of the combination bands the -C-C angls is computed to be

e A D

A

AT



; e THE INFPARED AND RAMAN SPECTRA OF CARBON SUBOXIDE"
5. D, Rix

by

The Pennsylvania State Univerai‘cy

Sisie Uoliege, Pa.

!

f j# 1

P

b8 Tatrodustion

L The carbon suboxide molecuis has commonly been assvasd to have a linsar
D& i

! ”; symwirie atructun,‘ the two cxygen atome lying at esfther and of thr chain
Pl

: of three asrbone, Remults of sarlisr P:.-..anz and infrared” svudles of e

gt
it

molscule wers not iInconsistent with this assumption, which sppsared to be
}
supnorted also by the electrom diffraction evidonca;" Ths provions Reman

work was carrisd out undsr far from cptdmum conditions; also the jufiared

i

abscrption was obtained with the uss of only o KB prism for the entire

range investigatsd, from 500 to LS00 ca-l. Hence it was conmidered advisable

™%

to repesat these experiments with ths superior spectroscopic equipe~nt that
has been developad since the ori.ginal work was done. The data cbtziusd in
ths prosant investigation are not sniirely consistent with the linzis modedl

hitherto assumed for C,0,; it now sppears that the oxygen atoms on the aver- '

D N B W1 i i

age are beni out cf line willi tha thres carbon stoms but in such a fashicn

ST

i

as to preserve a center of symistry. In more recent elsetron diffraction wark,s

3%

reporisd aftsr the present study was begun, the authors fzver a linear 1
model but admit the nassibility of a non-linear one. : ?
Experimental

Carbon suboxide wxs prepursd by the pyrolysis of diacetyl tartardis
anhydride at low prsssurs in a system similar to that used by Xobe and

* This ressarch ves assisted by support from the U S. Offics ar Naval i
Ressarch, Contract N6unr-269 Taek V.
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&n exposure iims of eight hours. Polarization measurements w.
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Rsyeramoé Vapors irom the pot contairing the anhydride, which was main-
tained at a temperaturs of 150° C, passed through a 1) mx quarts tube
enclosed in a cylindricsl furnace at a temperature of 700° C. A neriss
of 2iquid air traps was used to separats the various producis »f the
rasgtion, the 630 being vacuum distilled before romoval from the syste=,
The Raman spestrum was taken in a priem apectrograph7 with a dis-
zarpion of 19 A/mm at U600 Aj the sample tube wae of about 12 ml capacity.
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on this sample by the method of polarized incident light. lLater a new
sample was prepared and the experiment repeated with an exposure Uime
f eleven hours at a tempsrature of -70° G, (u each occasion the
sample was vacuum distilied into the Raman tube,
Preliminary infrarsd measursments were made with a Perkin-Elmar
Model 12-0 spactrometer using NaCl and KBr prisms=. An 8 om pyrex ceil
with AgCl windows was amployed after 1t was discovered that the vapor
polynmerized in a metsl ¢2ll; ¥ialding spurious absorption bands., Subse-
qQuently the infrared spectrum was remeasured with the Perkin-ilmer double-
pass spestrometer, @ LiF priom belng used for the regzion abowe 2000 om.]'o
Severzl altempts were mada to obtain the phetograrhic infrarsd spectrum
of 6302 » 3= particular the combinatioa of the second overtone of the strong
infrared aciive fundamental at 2258 cm‘l with the Ramon active fumiamental
at 2190 ca t, No spectrum was found with m path &i a vapor pressure
of ahout 60 cm, the dispersing element of ths spectrograph being a 21-{cot
concave grating. A 2 m tube of the J.U. White {iype was constructed which

made possibls a path up to about 5. m. Utilising 2 § m concave grating
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a Zaw woak lines representing the band in questicn were photographed and
meastured with third-crder iron standards. Alsc photographs were taken with
& Bausch and Lonb transfer plans grating and a 1i6-foot zamera. With a vapor
pressurs as high a8 71 om on the silvered surfaces of the multiply reflec-
ting mirrors wers renderec ussless in an homr's time by the action of

the 6302= Whan the vapor pressure was reduced to 50 cm, the freehly
silvered aurfaceé dateriorated more slowly, but at such a rate as to make

it impoasivle to obtain satisfactory exposures. With o muck smuller vapowr

ITesoure, Lhw resultin, weaksr absorption also ylelded unsatisfactory

Cbeerved Spactrum .
The original Ruman spectrum of 6302 chtainad 5y Bogler zad B.thmmacuz |
showed five certain and four doubtful lines, Ths first Raman spectius
photcgrapned in thie investi.astion with ai § hr exposure included 11 Jinae
of which five or gix could be called certain. Hawever, when the expariment
VLS Iopoaved Wiun & new sampis, an exposure of 11 hours yielded only four
linss, sas of which is apparsntly an overtene of ons of ihs others, The
faman meamwements ars prosenied in Tahle I. Three of the lines observed
in the & hour exposure can be identified as due to methyl acetylene, which
i3 known to exist in the sample (as well == acetylene) from the photographie

infrared plutes. Of the four lines ottained on toth piztes, the ocus at

tes,
1 1 |
77 cm = is dspolerised, the others bsing polarized. The lins at 825 om '

o

is very broac and compsratively diffuse,

The infiared spectrwa reported here is in substantiasl sgreement with
3
that of Lord and Wright” as to the number and positions of the bands, t
allowance being mde for the difrerence in precision of meazurement possible

with toe two spectrometers. Howsver, with the superior resolving power of
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{T the Perkin~Elme: double-pass instrument, one can now distinguish the band
envelopes much moras clsarly. A trace of the infrared spectrum in Fig. 1

Lows thet the prevailing band type for carbon suboxide with the resolution

avallabls consists of 8 strong central maximum. The principal sxceptions

to this 4in the NaCl region include a band of medium intenaity at 1122.5 p—

i B o

with P-Q-R structure, and at slightly lower frequency a series of peaks of
varying infensity and separation. In the ¥I4F region are found bande with

a centrai minimum at 2154.5 and 2386 o= suzgesting P-R structure and

2§

another at 3335 cm ™ with & very weak central maximum betiveen much strongsr

gids branches., The most infermative band envelope in this pragicn ie that
at 2386 cm-l in which twe strong mexima are accompanied on ths short wave-
lengin side L, s set of weak maxima of fairly regular separation. {The

-

- ~ o . -l -
absence of ihese maxima on fhe long wavelsngih side of the 2386 em = band

-, -
3
i

mzy be ascribed to the ovsrlapping of this region by atmospheric 002 nd

v the very strong fundamental band at 2258 cm 1.) The band at LLULS cm

-1

15 possibly also of this type, the resolution of the spectromster nct
being great enough to separate tha weak maxime. In Table II are given
the measurements of the inirared bands along with those of Lerd and Wright,
Discussicn of the Spectrua

Herzborg"q has discussed thrss possible models for carbon suboxide:
(1) 0=0=8=C=0, (II) uC=C=C<P, (1) 04' \e. belonging
tc the pcint zroups Doah’ c.?h’ and bzv; regpeciively, and attempied vibra-
tional assignments for Models I and III, his assigmeentefor I diffsxing
in pari from thosme of Lord and Wright. For models I and II, which have a
center of symmetry, oniy thres of ihe fundamentais are Raman active, while
for modsl IFI 211 nine fundamentals ars Haman active and aight are infrared

active as well, Jrom the Raman spectium sione, wrich can hest ha analysed
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as oouaioting of three fundamentals and one overtone
lodul IIT can be eliiminated

e, it would appear that
@8 & poasibie structurs for carboy suboxidas,

Ihis canclusion is strengthened by a comparison or the Baman argd infrared

specira, for it turns out *hat there era : ¢ coincidences batwsen them.

further resson far belisving tisi

A
Lie mileculs has @4 canter of gymmetry is
overtones of the infrared mndmentala although

on 3 c.n be reasombly int.erpreted A& & s6saad ove

Likewlse thers ars nn binary cominations of infrared fundamentals but

numerous binary combinations of inufrared and Ramn active vibratt

that there urs no f:lrs{.

the band at 1666 o= Ttone,

Vo te T

Wil o
It is not possible to choose between models I and IT on the basis of

the Baman spscirum. For the limesr medsl the Raman lines at 2190 and 828 cm~1
would be assl

&ssigned to the two symmetric stretching mdes of species .’:g, whilse

for the beut model II these lines would be of spacies Ag The line at 577 ca™+

should be due to the bending mode a for the linear model and A for the
sig-sag ons. ‘he polarisation data (aoo Téble
for vhich this last Raman 1ins should be d
iinee should be polariged for

) might seem to fover nodel I
eprlurized, whereas all three

sisl Ii. However, since for 2 totally
BymmciTic vibration ihe degrae of dspolarization may

‘nodel I cannot be called inconsistent with the Zanan spectium. There re:

to consddar the evidence providod by the emlanag of the infrarad ;

Yary baiween O and £/7
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ASewming the linesr modsl there are four infrered setive fu ntals

of whish should be represented ty parallel bands with a separation of

absut 11 c-"l boiween the P and R branches, and two Uy perpendiswlar bandgy

with P, Q; ond R brancies, The most probsble aszizmments for these wouid be
=l .
the 2troug hends at 2258 and 1570 cm ' for the tuo stretching viocrations {of

-1
epecies L ) and thoss at 635 and 551 c&

for the bending vibrations i’.u)o
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Bewevsr, nope of thes2 bands has tho required envelope: in fuct, they all
Bhow Just & alyong coniwal maximum with no side bhranches. All of the other
bands shown in Fig. 1 wita the excoption of those at 779.5 and 104C ca
could bs accounted for az arising froa these four fundamentals, nearly all
being cosbinations of ths infrared with the Raman sctive fundameritals,
Aisde from the previcusiy menticmed band at 1666 cm"l, which appears to

be the sscond overtone of the infrared uzctive fundamentsi at 551, and the
band at 3338 gg"i, which is probubly a combination of the first overtors

of this same fundamental with tre highest frequuncy fundezental at 2258 gm"l,
the rsmaining bands of the infrared spectrum cen be explained as binary
combinations invoiving one Raman snd cne infrared fundamental.,

“n exspmination of thy band envelopes which have a more compiicated
structure than just a central maximum brings out the following discrepanciss.
The only ons which shows definite FGR structure - at 1122.5 cm"l - is a
combimmtion of the two bending mcrize at 577 and 551 and should eonsequently
be of species X, with P and R branches only, e band =t 215k.5 a2,
which apparently has P and R brenches with @ separation of 1 emt s
presumably dus to a o~cmbination of .the 577 Raman active vibration with
the infrared band at 1570 en ) ars therefors of species 'aue The Dana at. -
3335 ox"2, being a combimbion of tha fundamental 2268 and ihe firet cver-
tons of 551 would be of species Z,, and hare we have the proper band
- cumbour if we assume that the weak centrzl maxiwpm is due to an impurity
in the sagple, nemely wmethvl acetylens. However, the P and K branch
separation of the P snd R maxima is about 23 oL, PFurthermores thin band

has structure on the short wevelength side which cculd not possibly arica
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( from & linsar moleoule. In view of all this evideones il sesms necsssary vo

shandon the asswention that carbon suboxide has a linesr structure.

lhere remains to considsr Harsberg's model IL. It is interesting to
nots that this {ype of siructure wss recently proposed for zn excited slece

% z tronic state of the nmormally linser molecule acetylans by King and Ingoldm,

who called it a "plane centro-symetric sig-sag.® ihs model for ocarbon
>boxide reguires in addition to the three Manan active furramentals of

s;ecies i\g menitionsd above six infrared fumiamerals, four of them in the
T plase of vhe mdlecule (B ) snd two out of the plana (A,). It has already
T besn shown thit this model is consistent with the observed Raman epactrum,
As for the infrarsd spectrum, it nmay he noted first that the four vibrations

of species B, may be assigned ¥ the eame four bands considered above as

fundamentale for the linear m<*:1, Since the model now under discussion is

i a zlightly asymmetric top, th: difficulty about ths contours of these funds- !
‘ mentals is removed., The two infrarcd bunds at 779.5 and 1@40 cn.l which

could not readily be accounted for on the limear mciel can now be assigned
as the A4, vibrations, The first of these two his beea resolved into four ’
rather weak maxima with an average saparation of ahout § -:x‘s-:ala Ihe other =
band 13 not so clear cut:. It appears to commist of two maxime of medium
intenmity at 1015 and 1025 c.ﬂg.l and three wezker cnes at 1055, 1068 and

an?e

2075, with 4wo othsr barely resclved chovlders hatwean these two groups at

1033 and 104S ﬁm-l. Urder the avaiishle rescluiion it is not ciear whether

this absorption represents cnly ons vand or more thun i, and a further

camplication may arise from the fact that one of the waaker fundamentals of

.

mothyl acetylene is found in this same region, 1= view of theae umsrisintias

T R A, e B W

the band is here given a wave number of 10k, this being approximately

e

o

the center of Lhe abscrpiicn. The wegk abecrntlon of the 775.5 cn"l fuia-
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nertal auy be explairsd thuse the vibration 1s believsd to involve an
out~of-plans motion of ths two C<0 groups againest the central carbon with
a consequantly esmoll chunges of dipole moment. A qualitative check on the
sesigrmeat of these tvo fundamentals i3 provided bty the fact that they should
bs pure psrpeadiculsr vibrations with no parallel component aud thie seems
subataantiatsd Yy the abmence of ihe stronz central absorption noisd slsewhers
in the infrared spectrum. A schematic representsticn of the vibrational
@des for ine sig.smag model is glven in Plg

‘he fine structure on the shart wavelength side of the bard at 2386 on
has an average separation of about 5.5 cﬁ'l. This structurs may bo inter-
preted as due to the perpendizular component of a hybrid baad, the parallel
componant being repressntad by the sirong centrdl maxima. If this inter-
pretation is correct, the band in yuéstion provides the stivangest kind of
evidence for the non-linearity of carbon suboxide. The similar structure
on the long wavelength sids of ihe 3036 et band, which h#s an average separa-
tlon of about 9.5 ca™>, is almost certainiy due to ihs vg band of wethyl
acotylens, as ths positions of the irﬂividual :psaks.chsck weil with thouse
reported in soms recent work &t higher resoluticn by Boyd end 'moin.pson;n
Ihe irregularly spaced structurs on the short wavelsngih side of this bend

B i ' -1 -2
khes an swarsse mmaning of 13 om a2

P
)

A

257 5% dus 0 & comulnation ol the
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i

perpendicular bend at 1040 with the Rawnn ond at 2190 c="*. Owing to the
above mentionsd wicertsinties with regard to the 1040 cm‘l btand, this assign-
sent is rmerely temtetive. The unresolvod backgromad at the high frequency
end of this atructure is no doubt due to the acetylens in the sampie, but

the eight or nine purtly resolved wegk marime cannot readily be attributed

%c some other impurity. In Table II are foumd the aseignments for the

infrared spectrum along with the earlier data of Lord and Wright.
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! - *“ {" (n the basis of farce constant calewlations,Engier and Kohlrauach
i . postulated a low tfrequancy furdamental at about 200 emol. Froa ths
. : % m:a).ﬁia of the infrared spectrum given above it appesars that the swsumtion
; E of awh a frequency is unndcacsarye. Rpcently an exnaimtimlg of the fow
1 ‘f infrered xégﬂ.c:: of ths Carbon swboxide specirum by ths residual ray mathod
1 i has indiosted weak sbsorption at 192 and 261 ca™, This is undcubtedly
g the difference band Vo = Vge A somowhat stronger differencs band should
% ; be found near 275 ca > for Vo = Vg» hut apparently this region was not

A irvestigaini.
i As mentioned above two impurdties in the sampls o) carbon suboxide usad
in this study that bave been positively identified are mathri acetylene and

acet=liene. The 3v, and 3':3 bands, :respactively, of thsss two molecules

{ were found in the photogrsphic infrared with the rotationad structure well
resolved, In the near infrared regior, the fundamental v5 of acetylsne was
chsarved ag was also v3 s the latter being overlapped by suboxide bands, A
number of the fundamentals of methyl acetylsne appeared including '1"'3
and vg3 vy would be completely caversd by the 635 ca'l band of carbon

suooxide, but 2v9 may be present., The posﬂibiliwg that ketone msy occur

8s an impurity in carbon suboxide produced by pyrclytic reaction could not

be verified in this infrared studyj; howsver, ths stronger infrared bands

of ketene lie nsar reglons ouf carbon suboxids absorption and may be obsoured.

In the first Raman plste, the line wt 1327 cw — msy Lo the ketens line

reported by xo;u:mx-33 at 1130 cm"l, but 1f this is s0 it is not clear why y,

the almo=t squally etrong line at 295G em-l was nct (tmerved, Since the

b

. wld
doublet of medium intensity reported by Lord and Wright at 909-889 em

Ao TR T

1B T PN U s S omammom e,

wee not found in this investigation, it 13 poeeibly an Impurily in thelr

)

sarpls, The same infarence may be drawv cconzerning the group of bands

s
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thay cbtserved at 1760, 1850 and i$60 cm'l, to which there corresponds in the
presert study only & very weik abssrption near 1770 cn'la
Discussion of the Molecular Constants

-

As poiated out by Tord end Wright,” i the carbon suboxide molwsule
js limsar it ot eve a moment of inertla of about 390 = 10 hog ““2
and thie would give rise W a sspuration between the P and R brarch maxima
of a pirallel bund of about 11 om Y. Their failure to obsarve such a band
was atiributed to the low rasclving power of thelr spectromatar., Sincs tha
Perkin.Elmer aéectrmetor employed in the present stiudy can resclws bands
gseparated by one wave mxmbe_r or a little l&aej"."ﬁl"%he neighﬁorhood of 2200 c!"‘"g
the failurs to observe any splitting et 12 in the 2258 em} band might alone
be takern to indicate the nos-linsar structwre of the molecule, The cumuination
benls vy * Vg and vy + v, on either side of the fundamental ¥ do exhibit
a gplitiing wuggestive of P and R branch envalopes, the sapavation of the
maxima beiny 23 aad 1k cm”l respectively. This lattsr valus ie however
extremely dubious because tho position of the suppoued P brasch of tlw
band colncides with that of a strong vand of methyl acetylene, and also
the strongest infrared band of ketene falls in this same region. Ais pointed
ut atove, the strong maxizs of the 3335 cmd’ band have a ssparation of
abou’ 22 @ 1, which agress well with the value observed *ar the band at

86 cn‘ls

(3%
\ve

On the short waveliength sids of the vy + vy band the group of weak
subsidisry bands ranging frem about 2LbO to 2430 st has en average separi-
tion of sbout 5.5 ¢m ~« Taking this band snvelone io reprasent a hybrid
band of!elightlb asymeetric top, this separation to a first approximation
is given by 2{A°-B'), Since the vaius of B (or C) for carbin suhoxide is

cf the order of .07 ocm , we can cowmpute a valua of A% J-gt Uhis hand of

0
as 10.L x 10 U g mao The most recant clasiven
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diffraction measuraments of carbon suboxide by Mackle and Suttion” give the

Applying these
valuse to the centro-symwetric sig-zag model discusszed above, which seems

CeC aixd G=-0 distances as 1,23 sad 1.19 A respectively,

required from the spectrographic svidence, we obtain a valus for the 0-C-C
angie of 158°. While these authors do not consider thie model, they do

discuss the possibility of = non-linear model of point aeroup C Hersberg's

ow (
model IYX},

G=C=C and 3-C~U anglies consistent with their data 1s 170° for eech anzls,
A comparison of the spectroscopic and edsciron diffraction data can be made
sven though two differant medsls are invcelved by computing the displacement

of the oxygen atom fram the C-C-C axis for ths centro-symmetric model., For

an angle of 158° this distace is .Ll A. From the electron diffraction

data the corresponding distence would be .43 A. Even though the elsctron

dif fraction valuesz quoted here represent only one interpretation of the
?ata (Mackla and Sutton prefer a linear mcdel), the agreement with the
spectroscopic data is noteworthy.

4he evidence on moiecular structure that can be obtained from the two

bands in the NaCl :egion here assigned to the Ay vibraticial spasies is less

1

satisfactory than that Just discussed. In %hs jOLO e~ band the apparent

.,
separation of the peaks renging from 6 to nearly 15 cm ™ with an averags

value of 10 mpay be due sithsr to incomplete resoliuwtion or ths presence of

an impurity. The four partly rescived peaks in the weak band at 789.5 cm-l

~1 : SSiie &
have an avarage separation of nearly 5 em ~, and since this is oniy a

ittle lass than that found ir the combination band at 2386 em ~ it would
gger o provide some support for ths strustural analysis given abova.
dhe photograpnic infrared work yleided no results that would provids

dofinite inform

beﬁt ‘thm [ T A e e S 4
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The only

conclusions tWhat csn be drawn from the few weak lines obtained is that
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For such a structure they conclude that the minimum value of the
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i%v there was nothing to indicate & linsar structure fur ths molaenia and a slight
suzgestion that the spectrum could be dus to an asymmetris tcp. It is hoped
in the future to study the partly resolved bands which give soms inaight dnto
the structure of carbon subuxide under higher resolution,

‘hip author wishes to express his great indebtednsss to Professor D. H.
Rank for much sssigtance in prevaring the compound end taking the spectra as
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well as W his formac ccllsagues,Dr. R. B. Kagarise of the Naval Research
Laboratory and Dr, E. R. Shull of the Rezsarch Laboratoriss of the Linde
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®  Abbreviations: VeBey Bey Hap Wey VelWo, b, Dep., P, = very
strong, strong, medium, weak, very weak, broad; depolarized,
polarized, respectively.
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Tabls I. Reman spoctrum of carbon suboxide

1
t‘
1)
3
T T O N A A L R AT Y I 13 BV T

Yyao T)%e‘scx':l.pf.:i.ona Assignment Englisr and
Kohlrausch
ot . ort
517 E D& vy 586
28 v.8., b. P, v, 8L3
13154 We P. 2\03 1176 ;
21%0 B, 2, ¥ 2200 i

Spurious or doubtful linss on first Raman plates 335 (v.v.)
(Me Ac)s 519 (w.)sz 1084 (v.w.); 1127 {(m.) (ketene ?); 1381 (w.)
(e Ac)y 1042 (v.w.); 2132 (v.w.) {Me Ac).
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Table II. Infrarved spestruz of carbom swboxide from 2.2 to 20 u. i
LI () Intenaity™ Assigrment ¥yao (calc)b lord ard Wright
b
@ en~t cnt
5Lk
551 v.s. vo 557 ; ﬁ
635 8, vg 637 i
179.5 Wwe vg 179 i
88
909
10Lo o, vy 10zl
1i22.5 Ko vy Vg 1128 1126
1215.5 n. vy + vy 1212 1225
1375.5 VoW, ¥2 *+ Vg 1379 1387
iuro
25708 8. vy 1570
1566 R, 3vg 1653 1670
1T70° v.¥., 1760
1850
. 1980
215L.5 8. vy + v, 217 2130
S 2256 Vedlo vg 2290
{ 2386° 3. Yo + Vo 2398 2l1o
2670 W, v% + 2, 2672
2738 v, vy + vy 271
2828 We .1 + \’8 282;
2840 W, vy + v 2835
3086 8. vy + v 3086 3150
3335 m, vg + 2v, 3360 3380
37567 8 vy ¢ v’ 3760 3790
3857 Wo vy + 3, 3856
L5 Fe v+ vg' LLL8 hseo
% Abbraviations: v.s., 8., M., W.; V.W., = very strong, stronz, madium,
weak, very week, respectively,
b Neglecting effact of anharmonicity.
© Band obscured or distartad by atmospherie ab=orption,
)
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IIMITATION M) THE PRECISION OF MOLECULAR bONSI‘AM DETERMINED WITH A
DIFFRACTTON GRATING
0o R, iimnk

“~The Pennaylvaria State Undveraity State College, Pa.

Barrison, Davis and Rcbert,qon have recently discussed the messure-
ment of wavelength vith gratings, echelles and intarferometers. lhese
authors have shown that due %0 ™u.ing er-ors precision of wavelengtn
measuremen’ much in excess ol 1 part in 106 is not to b2 expected for
diffraction gratings. The speciraoscopic literaiure hzas shown very ex-
tensively the unrel:iability of pwatings to produce wavelengths with a
rrecision mﬁch in arMcess of 1 purt per million,

i":':er:LyZ w3 huve obbeired mrasuremanis which give some Quantitative
ides s the affect of this lack of grating precision upon molecular B
values obtained from gratings.

11 we specifly bhe inatility of a diffraction grating to measurs &
wavelength correctly by k = cl/h the ercecr in the frequency of the
measured line will 22 dv » -iiv. [he maximum error introduced into a
‘,\? fram this gratiag error wiil De 42y,

Iv is necessary to mecs.re a relatirely largze number of band lines
to oblain B values for molesul-r stataes since D, the centrifugal cor-
racrinn; rust be determined similtanecusly with the detsmmination of 4,
In the complieis measurement. of z hand 1t is certain that the worst
12t wibion with regard to the uncertainty of wavelength measuremsnic is
Yighly improbable. &ince vhe intensily of the nand lines will vary
fraw o = O, veach & magimey &t sore J value and decreaze to some value

at maximum ., lne stiict trastmant of this problem becomes Very complex,

b
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S It s guite certair that the wava.cngih vneartaznry fron the grating ervor

will be a funetion of the line intenaity.

va can assumg to a first approxizsiion that the 5 valiue will be in error
due to grating lmperfections Dy an anourt related to L maximum arror
introducad inis vhe iatgest measvred b

Io the atove meritoned aprroxinution we orn wra

By @ wemeece—s @ B & 4B (1)

whare Bt is tha true B wvalue, ¢ the maximur J measured and dR ths srror
intreduced into B dus to tae inabilily (.)f the graling to mousure wavelengtl.
precisely-

InSpéc’s.icn of equatioa 1 shows whal using gratings having identical
k, dB decreeses lineariy wilh wavelsrgtn for consiant J. Iucthermore the
lorz waves ary svesn more aditaniagoous since the Ilncreased absorpticn fox
bands at longer warrelengting aliovs higher J walves to be reuched

The strictliy interferomefric wsasuraments of BRank, Shearer and ‘w’fsgginza:'
Eon B nf RCW vield w value for this censtant comoletsly consistent with

o O T
]

)l valuea of tne velecity of Light detsrmined oy bn mxiern ocovtieal and

microwave m:theds,

The saslier grating measuvanenta of Sono cf HON by Rank,Ruth and §
56
: . i . ) o k
Vander Sjuis yielded a value o F‘,-C larger by (4B -7 x 1G "), ‘hase
5
grating msasuremenits were wade With ole of the most serfoct gretirgs in *
axiztence and csiculsation from auuation L shows chat k for this gratirs is
7 '
arproximstziy 2.0 & 10 . frevlous 0oy the work of Hordk, B kb und Vaoder
3
Sluts” atbempts were mads to measurc bora For (UGN »i0h o pPlane preting
4
which was much more fwevfect than the " Tuxedo™ gratiip Phee all obtet e
. y =l . Py . . e
Woioohox WD T undeh shows a K o this gretong oo 1O o QU
2
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It seams rathor cervain that the betvinr gratings will have & k

which varies between 2 and § x 10 W for ¢ifferent gratings, which

]

seriously affects the apnarent precisicn ci' B values cetermined in the
chotographic infrared und of course becomes wors2 whon shorter waveleiy e
are used, Thus in the photographic infrarei in eddition to the stalistical

protable error due tc the scaiier of tra uxrorimental pointe, the ¥

wvaluee defearmined by g zretine wre tilkeiy to be 4in arpoy by on andditisng
valueg de’arminen v Zrahing Spm o i GO 0o Y arprcey Dy sn oadmtionsl

or greater cdue %o the imposfactiong of the jrating ltsell

1, Gecrze R. harrison, Suwer P lavdc and iyg) B, sobercson, J. Opt.
Soc. am. L3, 853 (i933).

2, 0. H, Rank, J, N. Skgarer and 1. 4, uuggins, Phve Rev. In Press,

3, d. H. #ank, . P. Puth zad K. L. Veodor Siuis, S, Opl, oo, Am.

L2, 693 (3552).
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“3# PﬂECI%N DETERMINATION OF THE VELOCITY OF LIGHT DERIVED FROM A BAND
NN o *
L u-“ &"‘?ILH_ !ggmnn TT
1
S Do Ho M’ Jo No 3‘ garar and T. Ao ngglnz )
The Pemvsylvanh State University 3tate College, Pa.
o =T
el ;
- o Abstract
C
=<3

‘f‘iﬁ rotational constant Booo for HCN bas been measured using the
Hethod of Exact Orders for the 002 infrared rotation vibhration absorption
band, ' The value obtained is 1.,1‘4'?6235 cm'l., Combined with the microwave
measuremente by Netharcot and Floin of the same constant in pure fre-
quency units, & values for the velocity of light, © = 299785.8 23,0 km/sac.. .
i=s found. The change in tha apparent thickness of the Fabry Perot
interferometer with weve lsngth dus to the phase shift in iha ZnS,
2 Mng. ZnS coated p.ates is discussed and the experimental results cowm-
pared with the calculatod values, The rot.atic'mal constants a3={3.01003,‘
ard ¥33" C.00018, cm Hl wars also obtainsd with the aid of otier inter-

feromstric results.

»
This research was asaisted.by suppori from Contract Néonr-269 Task V
of the U.S. Office of Maval Research.
o
ST T O R R S A R L S R o AR TR R XL TR SRR R T

e R R

A WAL AN M gt T M

e

T RN o e O A B s M e R PR o = i ot S R M SR e, D AR e :




H

it = ; a A o £ T

(2)

r S 1l
“’%7 The Msthod of Exact Orders which we have recently described makes

possible the detarmination of molscular constanis with a precisicn hitherto

unobtainable in optical spectroscopy. In the present work we luve rede-
termined B .o for HCR in oxder to determine ithe velocity of liznt by the
band spectiim method described by Rank, kuth and Vander Slu;!.so2

In our preliminary i;Oi‘k with the Method of Exact Orders a wave length

sensitivity in excess of 1 part in 20 million was demonstrated. Howaver,

considerable difficulty was encountered becauvse of the change
the interferomster spacer with temperature., In addition, the
accomplished in changing the air pressure during the "tuning®

produced deformation of the gluse plates of the etalon, which

in lengu: of
PV work
process

ig equiva-

lent to a change of the etulon spacer, We have largely rsctified the :

abeva mentionasd difficulties by replacing the glass interferouster plates ;

by plates of fused quartz, and also replacing the brass barrel of the etalon
by a barral constructed completely of invar,

Absosption messursments were made using & path length of HCON gas of
three maters. The pressure of the gas was regulated so as to yield {funsd
patterns similar to those shown in Figure 2 of our previous paperol The
pressura used in these msasursments variea between the limits of 1 to 10 mm :
of KHg of HON gas., KON is a metorious substance with regard to pressure
broadening of its ‘a’pacif-um iines. We nave not beoen able to detect any
wave lenugth shift of the HCN lines with pressure Jespite the sensitivity
of ocur msthod. For some remson, the cause of which we are net complstely
cartain, the fringes pioduced by our apparatus are siightly asymetric,

This asymmetry »roduces a pseudo small wave lsagih shift if msasuremsnts ars

m.ds at widely differsai avecrption levels. Thus it is necessary to compure
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"tunas® st spproximetely the sams percentage abscrption to obtain the most
preciss maasurexemts of wave length intervals.

Datermingtion of Phase Changes

The quarta intsrferomcter plates were coated with triple-layer
dielectric films of ZnS, MeF,, IrS of & AL thlckness at 17,250 i.
Since no precise absclute wavs lengths are known in this region of the
spectrun the Method of Exact Orc'iérs gan not be used for determining
the integrwi order of the interfercmeter., We have calibratsd the intepral
order of the spacer by making use of second order neon lines using the
method of exact fractions as deseribed in our former pape.r_nl Phasa
change on reflaction which occurs with the dimlectric films 1s jarge
and varies with wave lengih. Foriunatzly the variation of the nhasa
change with wave liigth in these f1lms can be calculated with considerable
precision making uss of explicit formulae given by Le\u'gan53 as derived
irca slsctromagnetic theory. Makipg use of the variation of phase with
wave length as calculated, correctiong are appiisd o ths observed
fractional orders sc that the integral order of the etalon can be chosen
using tha conventional method of exact fractions,

* We san determine the phase changs versus wava length curve experi-
montally i higher precision vsing the mathod described in our previous
papez-.l ™is method invoives ohtalning the integral plus fractional
orders for & nunber of different wsve lengths using two diffsreant inter.
fercmeter spacers., wWe have used a 13.19 end 5.95 mm spacer for the
rhase determinaticn. The longer spacsr was used for m&king the frequency
measursient on the band linss. The ratios of thsss msasurements mads

with ths two spacers using the lMaithod of Exaci Ordsrs can be used

cr
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@ derive tha variation of phase with wave length for the interferometer platos

| being used.l The raiios obtained are plotted versus wava length in Figwra 1, ‘
In Figure 2 the theoretically and experimentelly determined phase shift
has besn plotted versus wave length, The agreement betwesn theory and
experiment is very satisfactory since uncertainties in the {4lm constante
(thickness and indices) might well account for the slizht differen-ns
ochgerved., In any event the correction which maat be applied in the

prosent work is small since the intervsl of wave length covered in our

measurements is only about 350 Augstroms. <‘he magnitude of the phase

shift versus wave length correction can be expreased as anounting to

———a

1 sbout 35 km per second in the velocity of 1light determination; in 2
|
|

0 e A R i W
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‘ Determination of Maleoular Constants

-

‘ in the aghsence of porturbations wne frequencies of the linee in a

rotation vibration band cf a linear molecule are given by the well

{ known expreasaion
| v e v, +(BI4B)m + (Br-BE-T04D®)ms -2(Dt+D%)a

-(D'-D’)m X -] (1)

e R et W 5 et RN I T T

whare v, i# the bard origin and B and I} have their usual significance,
‘ m takas positive integral values for R hranch lines and nagative integral
values for P branch lines. Ws can state 2s & remult of cur work that no
urbations in the lines of the 002 band of HCN occur which are ¢f a
magnitude greater than a few ten thicusandths of a wave number, which ism

the limit of our presisica.

The following four equatious e¥press relationships which ars usefull
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for determining the constants of {i) abova,

R(J-1) - P(J41) = AEF"(J) = (LBY.6D") (3+2/2) - 6D”(J+1/2)3 (2)
R(J) =~ P(J) = aF1(J) = (4B'-6D')(J+1/2) - 8D (Jo1/2)° (3)
R(J-1) ¢ P{J) =% (J) = 2v°+2(B'-B"-a!fnn).rz-a(D--D»)J"‘ (L)
R(3-1) - PI)  =V_(J) = 2(BraB")J-L(ptsD%)d (5)

For the purpose of the determination of the velocity of lighi by
ths band spectrum msthod it is ounly necessary to determine the con-
stants B" and D" of Equation 2, Experimentally this simply involves the
determination of the frequency intervals of the line pairs designated
oy Equaticn 2, ‘he measurement of R{J<1l) - P(J+1) however involves
line pairs of considerabl: intensity difference especially et the lurgs

values of J which are necageary for pracise eveluwation of the molecular

constants. When measurenents of in ervals are mude on lines of considerably

different intensity the precision is much reduced under practically all
circumstances. In the present case with our method this error would he
particularly viciocus because of the slight fringe asymmetry.

Inspection of BEquation 3 will show that B! and DY can be obtained
by the msasur=ment of line pairs of ulimost identicsl intensity., Equatica
i shows that B'-B" and D'-D" can also be obiained from line pairs
huving nearly the same intunsiiy. Further reflection will ghow that
Equation 4 yilelds one more decimdal place for {(B!~B®=D'-D®) than is

obtainable for B' from Equation 3 when high values of J are used. I

”~

can be seen that R(J-1) + P(J) - 2v, increases proportiocnally to 5° whils
R(J) = P(J) increases proporiionaiiy to J + 1/2, This favorable situa-
tlon with regard to the Vé(J) plot can bs strictly taken advantage of
with the interfsrometrie mathod. From the preliminary measurements of

1.
Douglar and Sharma® and Yotxiﬁ the band origin of the 002 band has been
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5 P
or ths purposes of this investigation set by definition as 6519.60(8 o

in vacuo, Douglas and Sharma quote a wvalus of 5510.685 !::sn_'l and Yost's )

i
- =1
vaiue is 6519.68 cm 1 'ne defined v, yields a value of 6516.70L3 om

for P(1) when combined with the known preliminary value of B®. P{(1)

.

is then used for standardizing the interferometsr and measurensnts of the
band lines thus are made interfercmetrically with reference to the band.

s<gin. ILikewiss 4t can ks seen that a constant determined from Equsticn §

has less than half the precision of one determinad from Equation 2 or 3,

Calculations show that an absplute error in the band origin frequenzy w+ill

- -1
caus® an aksolute arror in the largest-~A2F' of 2.3 x 10 L cm for esach

-1 e -1
0.01 em = absoluis srror in the band origin. Thus each C.Cl cm ~ error

in band origin absolute valus will cause an errcr in ¢ of O.L6 km/sec.
£

v

Ws feel reasorably certain that the absolute value of v, we heve chosen
is correet to #0.02 er™t,

Bacause of the much more favorabie experimental procedure the major
effort in this research was expended on the measuremsnt of 1line pairs :
yielding A (3) andV (J). Measurements were also made on AZF"(J) but,
as expectad the scatter was much greatsr whish would give them little

s~atistiesd weight compared to thas other msasurements, The data were

PRy e At {5 35 ) e S T

treated to least squares in the manner described by Haak, Ruth and

Varder Sluiaaa The resulis of the lsast squares treatment are given in
Teble T. ' ;

The smallness of the residuals shows that it would serve no useful
purpose to include the conventlonal graphic nlote sincs the peints lis
8o close to the straight line that on the scale usually printsd iha

- scatisr weuld not be aprarent. AZF”(J) resulis trecated to l=ast squares

-
s oo P st e S e 1455 5
I TN AN N S e
m-ﬂlﬂmmmmmnmm—nmwﬁm i

: &
yielded B" » 1.47825 and D® = 3,01 x 10 . iicwever, thess resulis have

i R o i ey et 7~ e :
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little statistical weight since the scatter of the points is much greatsr

than the resuits given in Table I. We shall quote as our final result

-6
B' = 1.L570%, D' = 2.894 x 10
£
B* = 1.L7823¢ D" = 2,97 x 107
Determination of the Vslocity of Light

When we combine our result for B® with the nswly remseasured 0-1 transi-
tion in the microwaves spectrum by Nethercot and Klein? i.e;, B" - 2D% =
Lk, 315.800 2.010 me/sec., we cbtain ¢ = 255,785.6¢3.0 ki/sec. The valuve of
B% microwave is Llk,315.978 +.011 mo/sec. when the D% correction is made by
means of our newly determined D" value.

Sincs our msasuremenis are made essentially with the interfercmeter in
vacuo no &ppraciable error is involved due to uncertainties in the index of
refraction of air. ({u-1) for air is made use of only to determine the frac-
tiomal order and we must use only from 1% to 20% of this quantity for our
purpose depending on the fractional arder. We have used our recent determina.
tionl at 1.65 u as the vaive of (u-1) corrected by means of the dispersion
formula of Barre].'l? for the proper wave lengths,

The probable error can be considered to be derdved from the following
sources:

Microwave v = 40,10 km/sac.
Absolute Value of Band Origin = £0.90 km/sec.
Phase Change vs. A = £1.,00 km/nec.
Statietical = £1.00 ka/sec.
We bave includsd in Table II the frequencles of the lines of ths (02

IO eV maa)

tand of HON calculaved from the final valuwes of the mcolecular constants.

We have only tabulated lines which wers used to derive the molecunlar

e - e S T et Mt
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constants bince we are certain that no significant p:rturbations occur in
these linas.
1

These values ars only accurate realiive to P(1), i.e.

2,02 cm™™ in absclute value. However, there is & good probability that the

ebsolute frequency of P(1l) can be improved by at least an oxrder of mugni-

tude in the near future.

Determination of ai

The Bv values for 4 linear triatomic molesule can

S sipressed by
the equation

, ' 2
By=B, = a3(v+1/2) - v33(v+1/2)" + £;(a;) + £,{a) (6)
let us deal with the pregression of bands 000-00X. It is easy to see that
B -5y
0 .
= e g ¢ g, (ve) (")

We have plctted the available data for this preogression in Figure 3,

for the 002 band and ths {0h band are tha results of interfero-

iy

metric measurament,s and derived fra band orisin plots, i.e;\‘r*(J)o The
method of R. R. V. is only a pssudo-interferowstrie method in that the
major burdsn of the wave leigth measurement falls upon the ability cf
the diffraction grating to locate the cenber of iiw linss. The inter-

nva aasd
_____ Sraltow

ry aceurately known refersance

[
<

wave longths and provides some slight additional hslp by means of vertiza?
ha

dispsrsion, The valua plotted for the 00L band alsc agrees with that

b
- obtained by Donglas apnd Sherma, ‘he double point plotied for the 003
band 1A due vo msasursnents of Douglas snd Sh'-xrr-;uh The upper point is

the ocne given by the B! value obtained by them. The lower point ws have
obf&ined from a band origin plot made from the data given in the paper cof

Douglas and Sharma, Jthe points for the 005 and 006 bands were sgain

’ il i A A ey TR
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obtained from band origin plots of the data given by Douglas and Simrs:,

@:d are much less precise than the other poinls dus tc weskness of the
barde and their location in the spectrum. It should bs stated that the
spread of the points for the 003 band 1s well within the error stated
by Douglas and Sharma for their detemm of B', We obtain

032001003y ¥ -oooema,, sxpressed in om 1 as the valuesof these

33
constants.

It i= w nosaihla to critically review the aitvation with n
2
the ¢ determination made by Rank, Ruth and Vandsr Sluis. The discrepancy

1
Q)

between their resulis ani the pregent result involves a systematic error
whizch it was not possible to evaluate at ths time the previous work wam
dons, Ne mhesse shift is o be expscted for the aluminum interferomster
coatings, Dr., Vander Sluis (private communication) has reexamined the
intsrfsrometer calibrations and demonstrated no phase shift omuu

It must bs semsmbered thet the R. R. V. measurements wure grating
measurements, Harriaona hes recently pointed out that the best diffracticam
gratings 2re capable of measuring wave length to oznly 1 part in 1069 |
It could be presumed that the "Tuxeds®™ grating 1z at least as good and
probaoly beiier than those used by iim:'r;i.sone8 If ve ssgume wave length
determination mccurate to 5 parts in lﬁ? for the "Tuxedo® grating in
masuring the band limes which vary in intensity by a factor of 6, thise
would introcduce a systematic error of ¢ 1L km por sscund, The error

a
peointed out by Harrisca 8hows the futility of using grating measursments

to chtain highly preciae ¢ measureaments from data obiainsd in the photo-

graphic infrared.

Hozever, it can be pointed out that thils same grating effeci of

5 parts in 107 would produce a systematic erior in ¢ of only £ 3 km

i A P
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x;él rer second in a band measured at U4 microns.
‘he value for the velocity of light obtained by the band spectrwn methed ‘
&3 reported here is the same sa the value obtained by other methods of ’
masuremsn’:‘.op g
W, are indebtecd to Dr. W. F. Koshler of the Michelson Laboratory, i
i
Iryokern; for helpful discussion concerning the caleulations of phase shift 3
in multiple layer dielectric films, We express our thanks to Jsan M, ; g
Bennett for help with the least squares calculations. l
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(1)
* Tabls I,

W (D-2v, 287  LME.C. G0 8,7 B(344/2) LM.S.C. =0
=£.09 288 ~-6.0913  +.0008 12.50738 50 72,8082  +.0004
-8.2875 332 -8.2854  +.0019 8li.L39L 58  8h.W393  -.0001

-10.828 512  -10.82L47  -.000L 96,0616 &  96,062h  +.0008

-12,6996 648  -13.6966  -,0032 107.6772 L 107.6763  -.cCC9

«20.LL77 968  -20.LL8S  +.0008 113.L802 78 1i3.4795  -.0007

22,3461 1058  -22.3M61  .0000  125.0768 86 125.0775  +.0007

«2h.3259 1152 -24.3?72 +,001h iL2.4522 98  1h2.4518 -.00Ch

-26,3932 1250  -26.3922  =,0010 15L. 0175 106 15h.0178 +.liL;

s B'-B"=-0,021161, D'-D“-Toébyslo'a Biwl L5707y D'-2089,6 X 10'6
Summary of data obtained in measurements of the 000-002 band of HCN.

Fioquenty intervels weazsured, § *(J}-Zv o and .A_2F“ expressed in cmnl in vacuo.

Colums 3 and 7 headed L.M.S.C., least mean squares calculated values, cxi:1

in vacuo. Uolumns headed C-0 caleculated minus observed values, The molecular

constants are given in cm=1 in vacuo.
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6L67.2315
6L60.0L53
6L456.3410
6L1i8.8106
6likk . 98L6
6Lk1.,218L

Zi. A Azxan
VI oA

£433.2653
6429 .2767

(32)

Tabie Il.
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Culeulated £requencies in vacwm wave nunksrs of lines of the 002

6551,8185
6554.2198
6556,5781
6558, 8932
6561,1652
6563.3939
6565.575L
6567 .7216
6569.820L
6573,8880
6575. 8567
6577.7819
6519.6636
6583.2965

of WX
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lagands for Flgures

Figure 1. Plot of the ratio tl/'tz versus wave length A as measurcd

for 13.20 aid 5.95 mm spacers of the Favry Perot etalon.

Figure 2. Theoretically and experimentally determined phase shift

in orders of interfserence versus wave lengil for triple

ccated dielectric interferometer plates,

s sy

s\ d

Figure 3. (B,-By)/v versus (v+l) for the progression 0MO-GOX of HCN.
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9} AND RAMAN SPECTRA OF 1,1~DIMETHYLHYDRAZINE AND TRIMETHYLHYDRAZINE

-'This research was carried out under Contract ¥ ONR~-269,
Task Orders III, V, and X of Office of Naval Research

BBy E. R. shull?, J. L. Wood®, J. G. Aston and D, H, Rank

Address: Tonawanda Laboratory, Linde Air Products Company
Plvision of Union Carbide and Carbon Corp., Tonawanda,

Esw York

“Present Addreas: Department of Chemistry and Biology, Sir John Cass College
Aldgate, England

Infrered spectra of 1,l-dimethylhydrazine between 700 and 1600cm—l

for ths gas phase and between 700 and 35000m?1 for the liquid phase and of

& betwesn 700 and 3500 cm™L for the gas and liquld phases

trimethylhydrazin
ars rsporied along with the Raman specira oF tho Lwo compounds. Irsguency
4 assignments are given for both compounds,

I INTRODUCT:ON

smental frequencles of 1,l-dlmethylhydrazine end trimethylhydrazine were
with the

" Ths fund
ir vapors followed by compariscn w

reeded for calculations of the entropy of the
calorimstric values to yleld values of the barrisrs hindering internal rotation about
the N-N bond in ths two compounds. Such a comparlscn has already been made for

Vd
hydrazine4, methylhydragine® and 1,2-dimethylhydrazine®.

LE. W. Scott, J. D, Oliver, M, E, Gross, W, N. Hubhsard and H., M, Huffman, J, Am, Chem.

Soc., 71, 2253 (1949). _ - B
53. G. Aston, H, L. Pink,; G. J., Janz and X, E, Russell, J, Am, Chem. Soc., 73, 1939
(1951),

6J. G, Aston, J. G, Janz and K. E, Ruseell, J, Am, Chem, Soec., 73, 194

3 (19s1).
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II EXPERIMENTAL

*(n) Materials. - In both cases part of the calorimetric samples were used, The

1,1-dimethylhydrazine had 0,01 mole per cent impurity7, and the trimethylhydrazine had

77. G, Aston, J. L. Wood and T, P, Zolki, J. Am. Chem. Scc.. 76, 0000 (195).

2.1 mole per cent impuritysa The high percentage impurity in the latter case was due

J. G, Aston and T, P, Zolki. To be publighed.

g e=eT of 25 RpPRAs

to remove by fracticnal melting with the quantity of sample at our disposal.

(b} Raman Spectra. - The Raman spectra were obtained with a three-prism spectrographg.

9D, H. Rank, R. Scott, and M, R, Fenske, Ind. fng. Chem., Anal, Ed. 14. 826 (1942).

Fxcitaticn wus the mercury blue 1ine,f358A, produced by a pair of low pressure mercury

arcsl® using e filter consisting of saturated aqueous sodium nitrite solution in Huo

. H. Rank and J. 8. McCartney, J. Opt. Scc. Am, 38, 279 (1948); D. H. Rank, N.
Sheppard, and G. J. Szasz, J. Chem. Phys. 16, 698 (1948).

it

aration and & verv cleselv boiline imhurit.vv which was difficul

cylindrical comdensers. BEastman 103a-0 spectrosceplc plates backsd with opaque red were

nged, The Raman shifts were determined from measnurements on comparigon spectra made
usinz an iron~chromium {stuinless stowl) ave with a 20" £/8 camera {giving a linear
dispersion of 19A/mm. at 4600A.) for the 1,l-dimethylhydrazine and with a 10" £/3.5

camerall {dispersion 324/mm. at 4L6OOA) for the trimethvihydrazine. GQualitaiive

i

fdi

D. Ho Rank, J., Opt. Socc. Am. 40, 462 (1950).
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depclarization determinations were obiained photographlcaliiy by the method of polarized
- i
incident light12 using a 5" f/2 camersa‘l Exposure time up to 40 hr, wers used, g
1 PR e ]
12\, B. Douglas and D, H, Rank, J. Opt. Soc, Am, 38, 281 (i9.8); D. H. Rank, B. D. i
Seksena, and E. R, Shull, Disc. Faraday Soc., Ne. 9, 187 {1950). '
|
- i
|
(e) Infrared Srectra, -~ The infrared spectra of the liquid and gas phuses of i
H
5 i
i the two compounds were obtained wiih a Ferkin-Elmer Model 120 infrared spectrometfer i
: 1
C . LI i
whicl had been modified to the Walsh double-pass optical arrangement’’ and equipped with i
L
.. - . ‘
134, Walsh, J. Opt. Soc. Am. 42, 96 (1952).

prisms of lithium fluvoride, sodium chicride, and potassium bromide. The gas phase specira
#  yere obtained with a 10 cm, cell at two pressures, & lower pressure to obtain detsll in

the strong bands and a higher one to detect weaker bands., The data on the two compounds

i

are recorded in Tg

bles and 11,

=1

II1 DIsSCUSSTON

In congidering the gpectrum of 1,l-dimethylhydrazine comparison was made with the

12 L :
assignment for trimethylanine™ when assigning freguencies to the skeletal modes., This is

143, ;. Aston, M. L. Sagenkahu, G, J. Szasz, G. Y. Moessen and H. ¥. Zuhr; J. Am, Chem,
Soc., 66, 1171 (1%4).

justified by the fact that the present molecule has an approximate geometrical symmetry
of C,, and the N-N force constant 1s not greatly different tc “hat ~f C-C as can be

gseen by comparing the spectrum of methyl h dra21nﬂ 15 with that of dimethyl amine,

ki

| D. W. B, Axford, G, J. Janz, and K, B, Russell, J. Chem, Phya. 19. 704 (1951}
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Regard was paid to this approximate symmeiry in making use of the polarizations as a
guide in the assignments., In assigning the NH stretching and bending frequencies

comparison was made with the gpactrum of methylhydrazine15

In assigning frequencies to the gkeletsl modes of trimethylhydrazine comparison

was made with iso—pentan916 and when treating the NH stretching and bending comparison

lég, ¢, Schumann, J. G, Aston and Malcolm Sagenkabn, J. Am, Chem, Scc. &4, 1039 (

1942)

was mede with sym. dimethylhydrmzinel’,

The assigmuecnt is given in Table ITI while Teble IV gives the evplanation of
frequencies vnassignsé for 1,l-dimethylhydrazine as combinsticns of zssigned frequenclss.
In the case of trimethylhydrazine there are six unassigned combination bands between
2,58 and 2585cm L in the liquid infrared which do not appear in the 1fguid Raman spectrum.

No attempt is made to assign these bands.
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TARLE T _
=l
g INFRARED AND RAMAN SPECTRA 1,1-DIMETHYLHYDRAZINE
Infrared Raman i
(Gas) (Liguid) 4 (Liquid) i
Y 1" Structurs 2 I*  structure A e Pol,” Breadth
!
282 (w) {p) Diffuse & i
broad i
418 {m) (p) Narrow !
5 {(m) () Narrov with g
diffuse wing at |
longer A i
203 {vs} par 793 s Broad 809 vs P Narrow &
904 (8) par 848 ? i
261 m q S4d, 8 Broad a7 W pp? Diffusa i
1016 W 1009 s Broad 1027 m P Narcow !
1046 vs par i
1090 m q 1069 8 Broad 1061 o pp Diffuse but not !
too broad i
i13% s g7 _ 1140 8 ? 1150 s 3] Xarrow §
1153 Branch on 1139 ;
123 m par 1201 ] 7 1212 m dp? Narrow i
~ 1243 m ? 12,8 w 19Js) Diffuse but '
e narTow ‘
1301 m pgr 1321 8 ? 1225 oy dn? Diffuase ]
1405 m dp Narrow :
. 1457 n pqr vs 1423 s ap Broad
- 1593 m ? — 1599 W 1939) Diffuse :
i 2764, m 2774 7 Covered by Hg |
- line ;
- 2811 - 2817 ? p? Narrow blends i
into Hg line é
R8L4 2849 meg P Narrow
2881 W T Narrow
2044, m 2950 s D Narrow
2974 W 2988 i) dp iffuse
3126 v 3141 m b Narroy
3298 W 3330 W dp? Diffuse

8vvw, vw, m, s, vs denote respectively: extremely weak, very weak, weak, medium, strong and
very strong.

bdp, Tr, cop denote respectively:. depolarized, partly polarized, and polarized.
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TABLE II
¥y INFRARED AND RAMAN SPECTRA OF TRIMETHYLHYDRAZINE
Infrared i Raman
{Gas) (Liquid) (Liquid)
= a a a ~ f
v I  Structure v I Structure v I Pol;” Brszadth :
307 (@ ¢p  Diffuse ’
!
P 4Lid, m ip Narrow |
&
43 :
it 436 n 3 Narrow f
|
ie 498 s P Narrow i
: - ]
{ 712 v 688 v
783 ve 739  vs  Broad. T s pp  Narraw ';*'
888 vs 883  ve Broad 8% m P Diffuse
1007 vs Broad 958 m Sharp 965 m dp Narrow _{
’ . 4
L o 1005 m Sharp 1013 m dp? Rarrow
. g 1077 m Sharp 1083 n TP Narrow ‘
% 1134 s 1113 n Sharp 1126 ms - P Narrow
: ;%: 1168 = 1165 W f
!
% 11802 m 1189 m - Sharp ‘ . x
~ glg 1270 m 1212 m Sharp 1215w dp  Diffuse ‘E
: re '
B 1398 n dp~ Narrow
& ' .
o oum s 1485 s Broad 148 s dp  Broad ani
g ' : - diffuse !
24,58 §
4 2,85
| g 2535
! 2571
B 2593
§ 2685 )
2858 s 2858 s 2843 m2 dp>
;QE 2970 s 297G vs 2987 vs dp Broad I
%ﬁ ,”,?52 ™ 3032 8 dp? Narrow i
Hee 3092 m Sharp 3194 m
& 3,05 m 3405  vw ca.3400 m D Narroi

8gee notes at foot of Table I
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‘ Table ITI
3 ASSIGNMENTS FOR 1,1-DIMETHYLHYDRAZINE - TRIMETHYLHYDRAZINE
”fg 1,1-Dimethylhydrazine Trimethylhydrazine
g
8
! i‘% Assignment Frequency Assignment Frequency
£ Skeletal bend 418 Skeletal hend 307
1§ . - 445 (2) " m 414
: Skeletal stretch 803 n " 436
j " " 904 n n 498
i " L) 961 Skeletal stretch 712
Rocking 961 1 " 783
" 1046 (2) n n 838
n 1050 (2) " " 1007
3 o4
v 1139 CHy rock 1044 (2)
: CH, bend 1301 (4) v 1134 (2)
§ n o 1405 W 1168 (2}
. ; " oo 1457 NH bend 1180
£ NH, bend 1593 S 1270
i CH, stretch 2950 (3) CH, bend 1398 (32)
§ noow 2988 (32) L 1477 {8)
: % NH, * 3741 CHy streich 2858 (4}
;% 5 " 3330 n ] 2970 (2)
B
;% n n 3082
= L 3092 (2)
| % I'H gtreteh 3405
-
B
W 3
;\'5 "
a2
g
T . - 2 ; . i g - . - P vt pon e <1
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Table IV

COMBINATICK FREQUENCIES FOR 1,1-DIMETHYLHYDRAZINE :

e i
‘3 Infrared Ramer Combination %
i § (gas) (Liquid) ,
+
: 1Ay h Kk Ko TQ . dnn
H LAY N B4R e €0 e Ldeil T OOV

T TR

P
2417 405 + 1423 !
H
3
2849 2 x 1457 {
2821 1593 + 1301
P
- !
i
i
. §
g i;
i i
® ]
§
%ﬁ
e
T E
£

23
a0

o L Smip i e
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l’\‘ INDEX OF REFRACTION OF AIR IN THE INFRARED ¥
0! = .
- De He NAINNM &40 Jo N, OIS
O "r’

IBPErt@ant of Fhysics, The Pennsylvania State University, State College, Pa.

(e W Ie)

<A& formula has been derived by Edlenl for the dispersiocn of air

throughout the eniire spectium. This formuls was derived making use of

only data obtained in the visidle and ultra violet. The only measurements

available for the irdex of refraction of air bayond 1.0u are those reported

racantly by this 1aboratoryg‘ Wa have lmproved our measurement technique

in that greatly immroved thermal stability of the etalon has been achieved

She

We have constructed all the metal parts of the etalon of invar and the pla

dates

of fused quartz,

New measurements have been made of the index of refraction

making use of the method of exact orders. A 13.2 mam spacer was used for

the plate separation. We have checked our method by d&termining th

of refraction in the visible where precise measurements are available,

n the visible use was made of the Hg green line which can be reversed

hen sufficiently high pressure is used in the arc. The yellow Hz line

ag used as the emission vase for ons of the 12 &bsorption lines. We have
156 mude index of refraction determinations by a msthod which mads use of
mission lines from a Hgl98 lamp, Measuremsnts by this method were made

+l .’\L

e 45300A and A, = 5L62,34. A 29 mm spacer was used in the inter-
‘arometer for the measurements made with the emission lines,

The results of our new measurements are summarized in Table 1. Our

neasurements are net of sufflcient precisicn to compete with the best

index measurements mads in the visible part of the spectrum. The measure-

This research was assisted by support from Contract Néonr-20 Task V of
0 r 2

the U, S. Offjice of Naval Hesearch,
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ments in the visible were made cniy 1o Berve as a check on the reliability
of our methous, zimce owr methods seem to have the same sengitivity in the
infrared as in the visible part of the spectrum, Within the limits of our
error we obtain the index of refiraction of air predicted by the Edlenl
formula for the visibls part of the spsctrum,
In the infrarad our measurements of (__u.--l)l3 x 106 ara greater thap

that predicted by the Edlen fommule by 0.43. Our result is in accord
with the measurements of Ess.en3 for 3 cm waves which yields (u=1; x

6 - 273005., Dr. Essen (private communication) infoms us that this

value should be reduced to 272,85 to bring the measurements into accord with

optical measwwemsnits. The carrsction is dus to the effect of one of the
microwave oxygen absorption lines. The value calculated for (p.-l)B x 106
for 3 cn waves from the Edlen formula is 272,55 wnirh makes the measured
walue high by 0.30 with reference to the Edisn formula., Thus, the weight
of the experimcnial evideice sssms to show that the Edlen formula predicts

a {u~1 g too small by slightly more than one part in 10CC in the infrared
region of the spectrum beyond 1 micron.

Our experience with the Fabry Perot etalon in making the index of
refracilon measurements of air leads us to the conclusion that much more
precise_ seasurements can be made with a modified Twyman Green interferometer
where Jower fringe ssnsitivity must be accepted but very long air paths
can be used. lhe thermal disturbance created in the interferometer by
evacvating the cell or fillin: with gas would be negli . ihle in the Twyman
Gresn while in ble Fabry Farot this thermal effect is large and hard to

completely eliminate,
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Xv Source (_g.v-l)nxloé (,-;)sx,_oé No. Det, ADE M-C
Ao Meas, Calc.Edlen x 106 x 106
5i62.3 Hg R 217.93 2717.86 5 -0k +.07
5462.3  HgiS8E c17.90 277.86 2 .25 +.0h4
57192,3 HgR 277.22 277.25 5 1 -.0l
15300 Hgl98E 273.67 273.21 3 006 +.Li6
153k9 P(1)HCN 273,81 273.21 L4 ok +.60
165L1 R(3) Glih 273.43 213.12 5 .09 +.31
Average M - C Infrared + 43 x II.O6
Table 1. Summary of index of refractiion of alr measurements. Ay refers

to wavelength in vacuc. Column headed source refers to source of specirum
line used, Sources, e.g. HglS8E, means the measuremenis were made by an
emissisn technique. 4ll other measurements made making use of absorption

iinss. Coiumn 5 gives the numbar of determinations made. Golumn 6, A.D.N.,

aviation from the mean: column 7 measured minusg 2alculated values

of (u=1),. AIl index of refraction measurements are based on dry CO,-free

o ————— Nep o o
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‘A SIMULATED CHANNEL SPEGTRUM®
Do H. Rank and Jean M. Bennetd

LE COPY

71

§ics artment, The Pennsylvania State University, State College

Pennsylvania

AD No
ASTIA

In order tc obtain the nighest accuracy in interferometric wavelength
measmremente with energy integrating devices, the thsory of the Fabry Perct

interferometer must be extended. In this paper the portion of the theory
dealing with the integrated energy in the part of the Fakry Perct ring
system virtually intercepied ty a slit of finite length is presented. We
are assuming thai the interfercmeter is placed in purallel Ught ard an
infinitely narrow band of wavelen,ths is used., For this situation, it is
showa how ithe order at ihe center ol the ring pattern corresponding to
maximum and minimum onergies respectively variss with s1li4 height, The
contrast ls then determinec as a function of slit height, The experimental
methods for measuring these quantities are described arxi the results
compared with theory. The theory is also ezteided to t'e case of an

actual channul spectrum where a finite band of wavelergths is present.
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A Fabry Perot etalon used in conjunction with a high resolution

grating spectrograph is cupabls of producing a sensitivity of wavelength

measuremsnt in excsss of 1 part in twenty milllen in the 1 e 2 micron

1

reglion of the infrared spectrun. The conversion of this high wavelength

egenslitivity into relative and szbsolute wavelength meagurement dsmunds
careful serutiny of the theory of the etalon. In this pape~ we ghail
treat only the portion of the theory dealinz with the integration of the
eneréy in the ourt of the rin; system virtually intercepted by a siit of
finits length., The probiem of ph:se shift in the interferometer films as
a function of wavelength, particularly for multi-layer dielectric films,
will bs treated in a subsequent paper. In addition, we shall limit our
treatment to the case of p rallel 1i ht siace for the most precise
measurements the slight extra sffort neccs*ar:y wo use paraijel lignt is
fully Justifisd benause of the simphficaticn of the theory involvsd.

A theorsetical attempt to sclve the problem treated in this paper has
teen wads by 'af“ea both for parallel and convergent lighit. Jaffa's
tragtment, howsver, involves an approximation in his original integrai
8o that his conciuslons are not sirictly vallid. When his thaory is
applied t© wavelength measurements, the predicted shifts in the maxima
of the fringes do not actually occur, In addition, the visicllity curves

obtained from this drestment ara incorrect,

Theoretical treatment

Feferring to Fig. 1 and m-king use of the well kmown expression for
the distributioa of light in a Fabry Perci interference patiern, the light

intensity at any angle 9 on the detector arising from any poini on the

uniformly iliuminated exit slit is given by (ia the absance of absorption):

T, e, sy S, s i T — R e ——
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o+ F'sm(.}‘_. os@)

where Ia is the intensity of the light incident orn the etalon which can
bs set equal to unily, F = _(qu where R is the reflectivity of the
interfrromster plates, t the separation of the plates and A ths wavelength
of light in ine interferometer. The %total light flux 5, intercepted by
the detector is:

r*‘f
[ Lo

J

S. = W (2)

11

»
(L‘.

where W is the widt.h. of the exit slit which is assumed to be very small,

Making elementary svbstitutions we can write Eq. 2 ass

nit 3
= 2WlL f 1,48 + 2wL r;@ ran@ d6 (3)

>
[+

Since the maximm valuve of §~0.0L radia.n, the magnitude of the second
integral in fq. 3 is arnproximately 10 * that of the first integral an

hence can be completely neglected,

Let us call the phase differsuncs between sucessiva interferring
. Lnt. .
beama at tha center of the pattern 60- S and 5-5°cos & o, wWa ithen

[\.‘b"e.s
- éw ' . P
S). o = f : = o dd Y
S T (12 g¥e2YA 1 L& nlaa Gl
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where ¢, = 5 3’2‘;‘, cos § = 1-,11\_2 and sin @ = {1:5‘/502_)36 Eq. L can be
- T fa]

expanded intc a series anu the integratjon performed. The series, however,
converges av slowly that this analytic solution of ths problem 18 not
use ful,

We hiave solved owr provlem for a spscific case by numerical intezration
of Eq. 1, This process, ghile somewha? tedious, gives us the desired
information. By plotting the function I versus € for progressively
changing orders of interference n, at tbe ceuter of the ring pattern, ﬁO-B

1

thie area under these curves, one can

?

E-F L=

a4 e = e
and Uhsn numsrically integs

f

obtain the ensrgy integral S)\ as a function of the number of rings A
interceptec by the detector ( 4 = €5/2n ) . From this data one can then

determina which values of n, give maximom and minimum values respectiv

for 8, for a givin A, and also the ratios K « &MEX for each ease.
3 min
In order to nerform our numerical integrativn, it is necessary to

know tre reflsctivity of the interferometer plates and the separation of

the plates as well as the wavelength of light used. Our particular

interferoms ter plates were cozatea with A/l films of ZnS - MgF, = ZnS

2

and had a direcily measured refisciivity of 62.2% for A 5770 A, We have
obtained tie reflectivity which we have used in our caleulations in a

somewhat different manner than diroct measurement for a number of reasons.

S,
We have chosen K lim —=T2% a3 tie definition of the "Fabry Ferot
A0S min

izctivity? of our etalon plates, Ko Was obtained by nmeasurin: the

contrast X for very small oxit s1it heights (see Fig. 2) and then

*
5

extrapolating to zero siit lisiyht, The valus oblainsd for R by this

method of 57.2%.

e e gy
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in that ths vad

! effective reflsctivity R_ resnonsible for the lntensity detall in the

& 6 ‘
%; multiple beam interference pattern. The physical reasons for Re being ‘
‘gi: 8lightly smuller than the directly meas.red R are at leasi threefold. ;
; First, ths two plates have slightly different reflectivities since they ;

w2re prepared separately; secund; there is a slightly imperfect figure on %

] the interferomatar plates; and third, not sirictly menochromatic light w=ee §
i

:-D'
Q
EI

olitFast measurement. The third rsason probably had

; cnly cmall effect since the breadth of tne ny 19¢ lines only bacomes

grosely observable when t = 25 mm or greater. Our contrast measurements

' e
- MTA TSNS vAuUleD

—

It is qot possible to make accurate measuremenis of the relationship
batween ths number of rings A interceptad by the detsctor and the fractional
order £ at the center of the ring pattern by using a channel spectrum.
This is due %o the finite resolving power of the spectrograph which prevents
the light fad into the intcrferometer by the monochromator from being
strictly monochromavic. Fart'matsly, it is possible to strictly simulate
the chaansl spectrum using monochiomatic light, An interferometer

~

ordinacvily produces a channsl spectrum if the wavelength is modulated at

i A!&mm!m%wwﬁﬁwwmm LM A

the exit slit. However; the simulation of a chammel spectrum using
monceticomatic 1ight can be a¥complished by mcdulating the wavelength in

the interferomater by changing the air pressurs.

s L CH D Ly

ATV
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A schematic diagram of our apparatus is shown in Fig. 2, Sl is the

oxit slit of the yrating monochromator. The slit is provided wiih a dyaw
slide which allows the langth of the slit to be vaviead at will, thus

permitting the formation of the desired number of interference rings. Ll

and L, are the collimating arnd objective lemses respectively, and P is a

2
multinlier phototube whose output is amplified and recorded on a Brown

raecordes, The pesitlc. of the Fabry Perct elalen E mounted in a chanber

so that the air pressure can bs varisd at will is shown in Fig., 2. It
should oe noted that E is pluced at the exit pupil of the equivalent
telescopa, the objective of which is the mirror M.,l foocrissing light from
the grating, aad the syepiece iy the collimator L, far the interferometer
in Fig, 2. At the rosition E, the area of tre parsllel eam is a minimum
since 211 parallsl ravs must piss through this Tosition whare the imsge of
tihs a:ntrance pupil is formed. B indieates the position of a plans rarallel
plate which is used as 2 beam splitter to facilitate observations. D is

a Dove or so-eallsd vertizal rotating prism whose functien is to rotate

the imuge of the slit through 900, 1,8, from a vertical tc a horizontal
position. The angular diameter of the bright rings can thus be measured
directiy by meeng of tne spsctrometer indicated in the figure oy its
telesccpe T. The spectromster was capable of measuring angles %o ,O of arc.

Light from a Hg 198 lamp fumished by the National Bureau of Stundards

wae used for all measurements. The exit siit S, illuminated by one of the

1l
marcury lines was diaphragmed to the desired length by means of the draw

slide, %he air pressure was modulated by pumping or allowing air to leak
slowly inte the etzlicon, a8 the molulation of wavelengih progressed, the

rocorder indicated the energy present in the interference pattern. Ths




1
LA

maxima and minima could be preci

gely ascertained from ths recorder chart.

(
b

»

[

[T

Our procedure was to iind a maximum or minimum by changing the air pressure,
When such a maximum oy minimum was produced, the modulation was discontinued
and the angular uiarsler of Lhe rings measured by meang of ths spectrometer
To To obsurve tle rings, it was only nscessary to open the draw slide
raegardless of the slit height used for setting on maxima or minima, Ths
fractionul order of interference € at the ceater of the pattern can be
calculated from ths walleknom relationship e + p-_ZXg ¢2 s where (t) is the
angular diameter of tile interference ring and p the number of bright rings
counting from the center .f the ;Sattern. The ring diameters counld be
measured with sufficient precision so that € could be determined to somewhat
patter than 0.01 orders,

lia mnr=ra A
S - =

Mhe curve A shown in Fig. 3 gilves the resulis of o mgasvrements of
order 2 at the center of the pattern pleotted against ihe number of rings A
subtanded by the slit when the intensity is a maximum, OCurve B is the

raesult of the numerical integration dsccribed in the theoretical section

of this puper. OCurve A, Fig. I, represents the experimental rssuli obtained

Wwhen the intensity produced is a minimum, while curve B is sgain the

weays

calouluted rasult. Fig. 5., curve A, is a plot of the measured value of

the contrast Ke S5 max versus tnpe number of rings A subtended by the slit,
3: miv

Curve B, Fig. 5, is the calculated contrsst curve again obtained from ithe
numerical integration process. Fig., 6§ 1s an enluargement of part of the
curves shown in Figz. 5,

Tha resulta given in Figures 3,4,5 and 6 show that the agreement
betwsan theory and experiment ig excailent. The minor differences between
calcul ated and observed curves are near the limit of experimontal precision

obtainable with the present apparatus. The relatively larger discrepancies
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betwesn curves A and B in Fig, &4 ars dus to tWwo main factors: I[firat, the
intensity minima are much uroader than the maxima und hence tne error made
in modulating the air pressure is roughly 3 or i ti.38 that made in setting
on a maximum. Second, since e shifts much more rapidly with 4 for a
minimum, stricter requirements are set on the msasurement of the exit slit
height, Tn cur sxperiment, a cathetometer was used to measure the slit
height and settings were made tc better than 0.1 mm., For a slit height
corresponding to one ring, _i;his would introducs an errcr in a of J.05%.

it should be noted that the mwima a.d minima of the integrated energy
are exactly 0.5 orders spart only when the angular subtense of the slit
approaches gero., The order shifts slowly for max: ag & function of
angular subtenss, while the minima are displaced very much more. Mg. 7
raprodudes seme cf the iringes obiained by using monnehromstie 1iohd nm-g
slowly changing the air preassure in the interferometsr, as previously

described. Curves 4 B and ¢ show ihes2 simulated chamnel fringss producsd
with exit slit heights c.orresponding to 2.57, 0,99 and G.13 rings respeca
tively, It will be noted in Fig. ?. curve A that while the snape of the
fringes is somswhat determined by the rate of pumping; the asymmetry is
real, and shows up in the some way boih when air is let into and out of
the etalon, Alsc note that the fringe corresponding to 4 = 0,13 ring
is completely symmetric,

Asymmetry ¢l the channel fringes can easlly be sliminated by arranging
the apparatus so that only 2 small fraction of a ring is subtended Lty the
axit slit, Under this conditicn, tha contrast is also improved and any

frings shifit of muxima with wavelsng th is minimized and can be corrected for

if nscesssry.
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Appiicaticn of Thsory v the Chennel Spscirum

As was noted ;;'revious]y in this paper, the theory developed is nc%
directly applicable to an actual channel spectrum. In order to mathematically
approximate the real situation in which a nuarrow band of wavelengths is fed
into the interferometer by the grating mcnochromator, the narrcw band was
replacad by saverzl discrete ;wavelengths .such that the difference between
sxtromal 11388 equalled this band width to be approximated. Then the
distribution of light in a Fabry Perot interference pattern for this system
Geaineds by caloulating IB from Eq. 1 for each wavelength and then
averaging all the valuves for a given 6. When the resulting pattern was
compared to the pattern for central wavelength alone, it was seen to
have much lower maxims corresponding to the bright rings and more lizht in
the minima, If tle band to bé approximated was sufficienily nurrow, the
res'ilting interference pattern was almest that obtained with monochromatic
Yigiht and interferometer plates of a lower reflectivity. Howevar, for
wider band widths, the intensity pattern could not be approximated in
this manner.

Az an example, intensity curvas were ccmputed for five waveleagths
spreading 0.176 A around a central compoment N 17,570 A (choosing an
interferometer spacing such that the order of interference at the center
of the pattern was 14,930.00), The reflectivity of the plates was assumed

to be 69%. The resultin, curve with the maxima ncrmalized to unity is

'.h

the solid curve shown in Fig. 8. Wwhen the apparent reflectivity for thie
: - o)\

curve waz computed from the relation Lo = 1!-----B-)-,. » 1t was found to be
| P i+ R)

62.4%. The curve for monochromatic light X 17,470 A and Lhis lower

reflectivity was thea computed a:d is the dotted curve iu Fig., 8. A more

e e e e i Y v

K
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account of these caivulalions is given in the master’'s thesis
of Pisanlelilo,
It is seen from.tle curves that one makes an appreciable error by
using the approximation of monochromabic Llight and a lower reflectivity.
The percent differencs botwsen the arszas under the two curves is 11.2%
for A = 0.1 ring ard this difference increases with incrsaging A ;, giving
an error of 17.1% for A = 3.5 rings. A slightly closer appraximation of
the average curve might have been made by assuming monochrematic light
and a reflectivity lower than 62, L%, Howsver, if one wished tc obiain a

to start with the I

urras usin

€ Averags S
ths continuum to the desired accuracy; and then procead as outlined in the

gz ancugh Wavelengths to approximate

thesiy szedion of this papsr., Thic wae not done in our case sincs it was
feit that the knowledge obtained did not justify the extremely large amount
of labor imvolved. However, one of the iarge automatic computors could
easily solva thisz =crt of problem.
Tne authors ¥ish to thank Dr. T. A. Wigzins and J. N. Shearer for
their assistance in obtaining the data, Dr. i, L. Krall of the Mathemétics
Department for his heip in the ana:.,ytical evaluaticn of the integrals,

and D

ragea 2 ©

.
L

» Pimaniello for his compxxtations of the energy curves for the

channel spectrum,
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Figure l: Interfercmeter placsd in parallel light, Sl gource, I.l

coliimating lens, E Fabry Perot etalon; L, objective lens

. &

; of focal length L, S,
t

Diagram of apparatus, Sl sxit sliv of grating monochromator,

Jatactor,

y
o‘;;'
f‘
9
&

I.‘1 and L, cellimating and objective lsnses respectively, F

2
} multiplier phototube, £ Faory Perot etalon, B beam splitter,

ey

i D Dove or verticzli rotating prism, T telescope of spectromeier.

o

Gurveg A and B show the experimental and calculated order e

L

at ths center of Uhe ring pattern plolted against the number
of rings A subtended by the s51it when the intensity is a
maxd mum,

Figurs L4t Curves A and B show the experimsntalang calculated orders ¢

A

ploited versus 4 when ths intsnsity is & mdnimus,

Fal

Plot of ihe m=asured and calculuted values of the contrast

G
o
R
E
1
[ ]]
\un
.

S,
K » SAME_ versus the number of rings i subtendsd by the slit
Sy LS r

'._A TTHT) &

¥nlargement of part of Fig. %.

oy
[
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=
e ]
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Figure 7: Parts A, B and G sbow fringee of +he simlated channel spectrum
prodwced wien Lhe slii subtended 2.87, 0.97 and 0.13 rings
regpectively, Part A shews fringes produced by wodulating the
air pressure in opposgite directiloens.

Fignre 8: Intensity distributions I versus © for (A) menochromatic light,

——s
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end (B) a narrow band of wavelengths, For curve A; & = 17,670 A,

n, = 11,930,00 and R = 62.L&. Curve B ic an average of five

wavelengths centering arcund A = 17,670 A with 0,176 A betweea
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sxtremal lines and R = 69%,
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lTHE PROBLEM OF PHaSE VARIATION WITH WAVELENGTH IN DIELECTRIC FILMS.
EﬁflTENSION OF INTERFEROMEIRIC STANDARDS INTO THE INFRARED,”

| B o T D. H, Rapk asd H. E. Bennett
B Z’lqaj.ﬂ Departmant, The Pennsylvania State University, State College

% )« 7 Pannsylvania

-
i
Ahetirant,
! Ahztionnt,
A purely interferometrie mathod is suggasted hy whisch knowm stan-

dard wavalengths in the visible part of the spectrum are usad to
| determine new wavelength standards in the infrared. The s-vwiication of
the msthod of exact fracticns o - - :surements made using a Fabry Parot

PR VC T

interferomater whose plates are . -<Ted with highly reflecting dielectric

A
'

v

Lilmsis discussed, 1t is shown ti the large phiase ceorrsciicns

introduced by thesa filme may be reduced to diffarential ecorrections

o
fay
o
e
%
iy
.-‘.
n‘
<)

if relative wavelength measurements are i.de near wavelengtii
ihe phase change ou reflection is n, A method of experimantally deter-
mining both the differential correction and wavelengths at which the

phase change of n occurs is suggasted,
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It i3 well kaoen that the most difficult probls: with regard te

-

messuremant, of precise absoluie or relativa wavelengths is the deter-

mimetion of the phase variation with wavelength preduced by the intar-

%
feromoter filns, Meissner has given a rather complete treatment of the

mechanics of svaluating these phase changes, which is 1ieable vhan

g
o
g

ha phasa corraction is small
. Absorption of metal fiims makes them undesirable for interferometer

| plate coatings for the infrared reglon of the specirum, Multi-layer

7 dielsstric £4Ime can be produced which have negligibls absorption and
i
| L o & - - o Y ., S-S N
have the desired reflectiviiy. Interferometers coated with these disissc-
tric films can be used in conjunction with high resclution graiing
A
& spactrographs to produce senaitivity of wavelength measwrement comparable
- ) .- 2
to the bhest obtainabie in ihe visivle region of tha sveciri.
. The absence of absclute interferometrie wavelength standards in
the infrersd is a very serious ubstacle to the production of accurate
E .
: reolative wavelength measurements which are necessary for the precise
b
] determination of molecular constamts.
H
o
In this paper we shall explore the possibility of makine intere
. 3’; ferometrie comparison measurements between Uknown® lliues in the visgiblie
LB
é‘ part of the specirum ané lines in the near infrarad. Our experience
% hza shown that the evaiuation of tha vhase chanse an refisation ws=.
| wavelength characteristice of the multi-laysr dielectris films with
e |
% the requisite precision is formidable, The magnitudes of these phase
!
% rhanges aré wuch larger ikan thiose produced by silver, Ii seems imprac-
=4 tical to attempt to transfer inisrferometric wavelength meazurements
i Ty
v £ =
1 s
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=
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from the photographic region to the 1,5 to 2.5 u region in a sicsp-wise
fashion because of the cumulative error which would be introduced in
determmining cne phase correction over the necessarily large wawvslength
interval. In view of the abgve-mentioned difficulty, we shall atiempt
to show that the direct detsimination of the phass change vs. wavelength
function can be made unnecessary, aid that it shoula only be necessary
io measure certain film constan's and phase change v3, wavelength

differentia 1. t the propar wavalangths,

Thegey of ihe Interferometer:

We shall consider brisfly the fundamenial sguations for construce
tive interference for a Fabry Ferot stalon in which we have a phase
ghift M = n+B presvlting from reflecticn at an interferometer plate.

For normal incidencs the equat *ox\ is:

N A = t* A 4+ A (1)
N A (n 1—% } ﬁ;)

vnere N is the actual order of interferance, t the mechanical separz-
tion of the etalon plates; n the index of rsfraction of the medium in
which the plaies are immersed; & the departure of the phase angle from
s and A the vacuum wavelength of the Jlight, If we suhstituts

M= N-l, we can write Eg, (1) in tle form:

L 19 Iy "3 o nt” o3
N E I\! —— %_:3’7 - . c\u - (2)
A

it may be cbserved that the method of exact f{ract.ons can be applied
atrioctly to Eg, (2) simce this equation is identical in form to the

2

equation for thp etalon in which there is ne phase shift. It is further




‘é !

:
; = @ geen thaut the carrecticn to the order resulting from the deviation in
Pl rhase change from n is &§/2n per plate.
! %; ¥e shall develop the simple theory necesrcary for the experimental
? ¥ determination of the phase shifts in « move general form than in our

2 o
previocus paper. This procedure is necessary in order tc cbtain ths
fine detail which can later be made use of to apply the phase ghift

results in a diffarential manner,

-

i Let us corsider itwo interiercmcier spacers of mechanical thickness
#*

A Y A P Xe Ve !

ta 235G Up p and twe wavelangths \1 and ).2. The orders of interference
E ) «

N at tha ceniers of patterans are ;iven, for normal inecidence. by _
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H
2 Tt is casy to see that dé& = d € - d &y m= A Ba =G The order
i
| change dN introduced by the phase shift is:
) = de¢ =
N = A -
:‘\ a A&
' o .
: = aAnl, (B—FR) (W)

where py = /¥, and Py = NB,/Z\Ihe It will be noted that the last expres-
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! iz sion of Eg, (L) is identical to tha previous result derived for de.
¢ ks
Maasuremavhs mide with the interferometer deal with the optical
A ¢ .
T gl
£ thiclmess of the interferomsier spacer. It must be pointed cut, howsver;
3 k" ~ = a . - -
; f,s‘» 4hat in empiuylng tle method of exact fractions, ths method itssif by
i ’ *, * *)‘ ‘ =
! the use of the 2quwation B!i }‘i = 2nt = N, K= e forcas the deter-
£ nination of the mechanical spacor, This last-mentioned squation is the
. only ons of iie type which can bve written so long as CP ¢ 0 regardle
of. whether & varies wiitnh wavelength or not. Only if P =0 for all
, , A
wavelengths can N and % bs used for N* and t* where nt is the optical
1
thicitness of the interieromater,
Once t* has been determined, a knowladge of the phase shift at
any wavelength A will allow us to caleulate A if the corresponding ¥
L is known, We shall show in the next seation of this paper that 6's
2 can be calfuizted for dielectric films with sufficisnt presisicen seo
that the method of =sxact Iractions will 2llow a uniqus choice of
p *
£ for the different wavelengths. Unce these values of N have been o
g tained, the mschanism of ths ssi of equaticns {3) and (L) can be applied
% and accurately determined valiues of § as a function of wavelength can
¢
g be expsrimentally determined.,
% it is not nacessary to use the most general exrression (L),
i ]
&
= sirnce a simple transformation can be made se that only the & will entex
| B
g the phase shift vs, wevelength funetion and thuc eilow the use of B
! directly instead of W as required by {L). Letiing By = H}_/ﬁ., and
o &
B 'pz - ﬁy"ﬂh it is easily seen that Eq. (L) rsduces %o :
O ~ . —
pz P e X i
. dN :::-L-(df—-'{-&.\ = ant (p —- pP)
oy ﬂ- o I ’x / : 2 H 15\
= - 1 = b
| A (1 =P 3
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The assential process practically used to cbtain ths barved guan~
tities ls as followe: the N.% auantities are obtalned appiying the method
of axact fractions after pi}%?liminam' phase correction to tha observad
fractional order of interfexiez'xce. After the integral orders for the
varlcus wavelengths have been chosen applying the method of exact frac-
wiuns, ¥ i3 ohtained by using the integral N value and the measured

fractional ord®r, vide Eq, (2),

Wa can strmmarize the problem of determining the phase shift vs.
wavciength in the following mammer. Firsy s calculation of 8, is made

from electromarnetic theory and corrections applied to the observed
fraetional orders of interference. The method of axact fractions is

nov gpplied. which; combined with the preliminary mechanical measurc-

Y, y:eld)N values for the different wavelengthz and

second approximation to t*, the mecnanical longih of the
interfasrometer spacer. Ihe measured fracticnal orders ars now combinsd
with the iniogers ohizined Irom the meihod of eXaci fraciions, thus
giving us the W quaitities which allow the use of Eq. {5). The
application of Eq. (5} allows the phaze shift vs. wavelength correction
to be derived directly from the experimental measurements made wiih

two different interfesrometer spacers. Ti must be pointed out that Eg, (5)
is not capable of gsiving 6{(A) valwss abzolutely, but only the guantiia..
tire measure of the chianges of & with wavelengih, which 15 agll that is

nessssary 4o measure an unknown wavediength compared to a kKnown wavelisngih,
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Calculation of Phass Change on Raflection for Dielectric Films

Fortunately the small conductivity and freedom from significant
absoiption greatly simplifics the theorstical procedurs for the calcu-

tion of phase shift and reflsctivity of dielectric £ilme makine use of
electromagnetic theory., If it were poosible to measure the £ilm constents
with the requisite precision, we could rely on calsulations of phase shiit
with complste coafidnnee. Since we cannot meke thesz fila constant

17

measurements presisely erough, it will

oe necessary to supplement thesa
msasursments by phase shift maasurements and thus solve our problem
with the theory -2 2 guide.

Saveral mathematical methods are available for the solut‘loﬁ of
our problem making use of eleciromagnetic theory. The method discussed
by l*mch.'ngxw;j kings use of transmission linc theory seams to offer ihs
greatest simplicity for the iterative calculation of the phase shifts,
which seems desirable for owr particular problem. Leur;ansh has ziven

the necessary analytical squations, which we shall give in an explicit

form sullabls for iterative optical calculatiome, The genersl eguaticn
can ud written ass
SR b LRAW Ny © .\

. fz ‘i 4+ L tan ~ i

v’ p— Ngei ) S Al Vi

im0 ; Y e ; o}

Sl j + L fis. ta @/277'[391'! P__\\ te)

Nesy '3 {\ p /3

'.—.'}*sre Ea@ﬂ when g = 1, Here ng rafers to the index of ru«fraction of

L alEa)

the eth msdium. I one wishes o deieimiue § Ly a reflection air
to film to air. the ealeulaiiocn is mzde siarbtine with n = 1 for the

Y

swbsirate, The refiesciiviity obtained will be indepsndent of the direc-

tion o the ~faleuliatian, buov the phase shift is not symmetric execept




"§3 shen MWie dislectiric sandwich ls symmetsic. Here t glves the thiclness
: of ths film, M the wavelength, and Y_ is a v&sctor which is & complax
b s
%ﬁ‘ quantity in gensral for v.21. The amplitude reflectivity R, is given
% by thes expresslon:
Tz ;
! R = e _— Ney Ys -
: . - ) ()
= s = Tha H
4 In general R is a complex guantity., The tangont of the phase angle
produced ai refisction 15 the ratle of the imaginary to isal part of
g R_ani the refiectivity ® is the product of R and iis cosplsX conjugate,
& Galculations
The thecry of the phase shifts in dielectric sandwiches of equai
5 epticudl thicknese predicts that 2o phuse shift of f?'-'mTFoccurs at wave-
: lengths for which nt = AL, 3A/h; S/ ete, If measurements can be
5 made at the wavelengths for which the sc called quarter wave "matciisg®
% < it 4z immodizstely cobwicus that ne phasc correctiss iz necsooury
f’f since & ard & ars both zere, Thus ideally for example, if cur idecl
% eandwiohes consist of films of cptical thielness 3 ki/h at 5000 4 and
?gi % /L at 15,000 A, no phase correciion tc the meusurements would be
: enessary, Unfortunately the index of refraction of filming materials
s %% is notl wonstant with wavelengih and it is not possible to maks a1} ths
E Silms composing the dielectric saendwiches ldentleal ia optieal thick-
; % nesg. Lo addition, even if idexzl condilions with regard to film thick-
: i%f nesses and .indices of retfraction did hold, it would not be possible to
§ find two wavalsngths lo msasure which would fulfiil the idealized
H W

e




conditions, Hawever, it should ba pceseible to make he neraseary differen-
tial cerraections for the departure of cur non ideal situatiocn hv cobtalne
ing inifomation about the variation cf phase shift with the psrtiuent
varisbles in the neighborhood of the mabtch points,

In Fig. 1 we have shown the reflectance curves A and B caleulated

for & énS $iim on Quariz aii a iripie layor of anS ",gF?-ZnS on the

pame substrais. Fig. L, curvez C and D refer to $he phase variation
introducsz on reflectic: cceurring respeciively in the same 1lns used

to congtruct curves A and B, The followin congtants were used to cone

struct the curves shown in Fige 1i Ngyapys ™ 1okBl, ngng = 228, and

Nyop, = 135, Tha value of nt was chosan to be 4183 4. Reference to

Fig. 1 D shows that &/2a changes very rspidly with wavelength in the

“u-; o i

i ghborhoo

2

of tha 3/h msteh voint and much mere slowly at the AL
match point, However, multiplier tubes can be ugad as detectors in ihe
vieible which are much more sensitive than PbS detsctors necessary in
the infrared. Therefore, it is felt thot the sxperimental determination
of the match point in the visible can be accomplished with much morae
than tha requisite asscuracy dictated by our ability i determine the
infrared match point. If the ideal set of conditicons imposed to produce
Flo. 1 wara strictly operable, it would only be necaessary io datermine

one of ithe match peints o usiguely determine §/¢» for auy waveleugibo

2

However, the assumcption ol constant index of rafraction at all suave.

leagthe is not stricily correct either for the filming materials er
the substrate. Ip additior; nt for the different films ctarnot be madae

jdentlizal sxmerimantally a5 has haen assumed in the cazlculjation,



Ia ordexr to make 2 calmulation more coneistent with the actual

()

2, w8 have rereated some of the first order

’nh
E :

compoaltion of the thin il
caleulaticns in the neighborhood of the mautch points allowing for dis~
persion and probable ineguality of film thickness. The dispersion

data used for ZInS wers measured by Kuwaharg and Isi ums for thin films
by means of a photometiric mathod, Since no dispersion date for MgF

are available, an assumplion wss mais that the disgpereion of this sub-

[¢))

stance is identical with that of LiF, which hae been msasured by NDurie,

[

Ths valve usad for ny for MgF, wae 1.35, that obtained by Rood7 from

mezmrements on thin films. The index data usse?d for fused guaris wers

o
s ¢ A R s 5 y o + ey -
te.ent £yom Sosman. All index of rz=frasiicon datae Wwers fitted to Cauchy

dis; srsion formulas opplying the leawsi mean squarer techniqus. Astual
indices ussd were caiculated from the Cauchy sousianls obtalned for the
various materizls,

In Fig. 2 A ws havs platted the ealevluted reflectance cwrve for

a triple layer £ilm on gquartz for which the al valuss W ere assumed to

<|
f
b
f o
[4
[/}
3

be identical for the three films. The match point for the 3\/L film
thickness wag assumed %o be 5578 A. Curve B Fig. 2 has been saleulated
ssuming the first ZnS film to have its 3A/L match point a2t 58578 4,
s MgF, film and second ZnS film have their respective 3A/L match
intz at 5978 A and 5363 A. This componnd fiim yislde 5 resultant
cn point identical with that of ths film uved to calculate curve A,
ortunataly, reference to Fig. 2 B shows that the match poini, i.e,
wavelength where the phase shift on reflection is 1, doss not

ragarily ocour at the dame wavelengih for which the reflectance is a



U7

~iie
meximum if the films are of uwnequal optiesl thicknaes. It shouvld be

pointed out that Af all filuw wre of 2qual gpileal thickness the match

Tt 4a possible by virtue of the high reflectivity produced by the
ino sulfide layers to control very closaly the thickness of tinse
iavars, Howevar, the difficult probliem in producing such a multiiaysr
£4im in an ideal condition rests fundamentally on ability to make nt
nominal for the MgF, film, since the minimum refloctance carve is very
rnuck flstter than the corresponding curves for thu rvéflsctanss maxima

Since it is only possible io mmasure reflactance masima and minima

during the costing process, sach film will have to bs exsmlnsd in suc~
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£4Im thicknessse haz previcusly been observad experimentally by Dufourog
Curve C i Fig. 2 shows the calculated phase variation as & functlon of
wavelangth for the two filzns. whose reflectsunce curves are A and B
reéspectively. Within the accuracy of the calcuwiation tha phase variation

proved tc be identical for the twe films in the neighbornocd of the

ws have laid tha theoretical giound work for the determination of
savelangth standards in the infrared with respect t. known wavelengthe

sihle part of the specirum by a gtrictly interferomeiric meihed
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It npas baen shown that dlelectric films zan he used for ths interiero-
matar plate coatlings and ths larce phase correciion with wavelength
eliminated excopt for differential corrections &y making measvresmenis

in the nsighborhaod ef the two match points at which the phass shiiis

are idenvical, 7The accwacy oblainshis by this mebthod ehould dspend

upen the exantness with which it 1s pessible to detemains the wavelengths

QUI

at which the effective maximum end mipimum reflactencez of ths etalon

<t

plales ooour, We &rs not in a pesition at-present to predict the probable

error in wavelength cbieinable by the method discussed above; since

coatings in order to obtain tne maxdmum sensitivity ia ths

o
W
=}
1
$
4
:
[ 2id
B

wa Eve preswnsd in iais discussion that weasuremenis will have
t5 ke z2ds in the most ideal manmer weing perallsl light incidsut on
the intsrleremsier. In addition, since it will bs necessary te use
erargy measuring devices far delectors, suitable corre
e be ppplied bo the observed maxima, as has bean demonstrated by Rank

and Benmatt in the previous papsr,
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for fipures

Curves A and B show the theoretical reflectivity pilottcd
ve. vavelength for ons 4n3 filw and a tripls layor

4nS - Hng ~ ZnS film on 2 quarts svhstrata. Ourves

C and D respsctively show the phase variatien inirs-
duged on reflection irem aiyr 1".0 £ilm %o alx for thess

£iIms. Constant indices were assumed and the optical

55 ¢ all) filme was chosen 1o be L183 4.

21 reflectlivity piciied
vs, wavelengih for two tripls layer ZnS - MgF, - ZnS
fiimg of equal and unequal opiical thickness bui the
same resultant maich

nAt Nt A Sunede snheasmnda 2
PRdsat Vil QRies Yo wwupo swwew D W

ehows ihe phase variation om refiection from air to

£iIm to sir common to the resuliiant filns,
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